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Th^^B  xepcrt  presents  tlie  results  of  &  study  oondnoted  by  HBariltoo  Standard  for 
tbe  IsvestigatlaQ  of  potential  fuel  oell  enersy  sources  vhldx  boy  power  the 
Deployabls  Acoustic  Projector  Systsa  (DAPS).  Several  SFB  taytrogen/oiygen 
fuel  oooflguratians  are  iovr^rtl^ted  along  with  'varloRis  reactant  storage 
options.  Also  presented  is  systea  safety  and  reliatxility  Information  along 
with  weight,  wolume  and  cost  trade-offs  for  the  various  hardware 
configurations. 

p\]ei  power  systens  oonsldered  both  esistlng  SPS  oell  hardware 

<te*rigna  as  wSU  as  hardware  whirh  oonld  be  develpped  and  qualified  for  servioe 
within  three  years  tins.  All  designs  are  based  on  the  solid  polymer 
electrolyte  technology.  **1/^  has  been  steadily  evolving  over  the  past  dilrty 
years.  The  criteria  used  for  power  system  design  suitafallity  Include  a 
imlnal  mission  power  requirement  of  ICO  kir  output  for  ten-seoond  duratians 
oocurxing  approodmateiy  every  fifteen  mlnates.  The  peak  power  Is  anticipated 
to  be  an  output  of  400  ktr  for  two-seoond  duratians  over  approminately  the  same 
Interval.  Hse  of  a  high  power  Inverter  is  Investigated  for  oonverslaa  of  D.C. 
output  to  A.C. 

Results  of  the  study  indicate  that  of  the  three  xaenbranes  studied:  Nafion® 
120.  Nafion  117  and  Dow,  all  can  be  utilized  to  meet  tbe  100  klf  and  400  kV 
power  requirements  of  tbs  DAPS,  ihls  *«MmeB  that  the  100  kV  level  includes  a 
current  of  1000  aaperes  at  100  volts  and  the  400  kf  power  levai  requires  a 
current  of  1000  aoperes  at  400  volts.  Ih  general,  high  performBDOS  membrane 
materials  as  117  the  Dow  fomilatian  offer  significant  system 

weight  Mri  volume  savings  over  the  120  mentarane.  ^lel  oell  designs 

whirih  utilize  the  Nafion  120  membrane  represent  a  mature  technology  \diile 
tAfnaft  **iir*t  <Trwrha.iT>  tJwaw  >iigh  performance  materials  are  somewhat  less  mature. 
All  three  »n*»ii»hrjmA  options  utilize  the  screen  type  hardware  which  is 

presently  being  utilized  for  gas  generatian  In  raidear  subDoarlnes. 

Choice  of  reactant  storage  means  affects  systea  cost,  weight,  volume  and 
recharge  requirements.  3000  psi  gas  storage  in  ocnBsrcially  available  metal 
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tazilEage  offers  the  lowest  oost/tecamloal  rl£dc  option.  6000  psi  gas  storage 
has  heen  InpleneDted  in  several  appUoations  and  also  represents  a  lov 
tfrtmloal  risk  option.  mghAP  gas  storage  pressures  or  oomposite  tankage  can 
Increase  overall  SYStem  power  densitY.  Metal  hYiSrides  used  for  hYdrogen 
storage  can  reduce  SYSten  voluina.  however,  a  slgnifloaot  weight  and  oost 
penaltY  must  he  paid.  CrYogenio  storage  of  hYdrogen  and  cocYgen  represents  a 
low  welght/volums  storage  option;  however,  this  technologY  l3  scoaewbat 
difficult  to  inplenent  due  to  recharge  requirements.  Chaaloal  storage  means 
have  been  prevlouslY  used  in  saaller  huoY  sYstans.  hut  recjuire  ocoplete 
replenishment  after  the  mission,  therefore  incurring  high  life  CYdle  costs. 

Banlltcn  Standard  has  demonstrated  in  lahoratorY  oeUs  that  'Oae  SPB  fuel 
may  he  converted  to  produce  alternating  current  dlreotly.  Ihertijy  AUnriTm-triT^g 
the  need  for  an  inverter.  This  technology  advance  could  lend  itself  to 
reducing  SYStem  oost/welght/volume.  ailhoigh  the  fuel  cell  normally  produces 
direct  current  (D.C.).  this  output  may  he  oooawerted  to  alternating  current 
(A.C.)  through  the  use  of  a  high  power  Inverter.  Many  Inverters  are  presently 
available  as  off-the-ehelf  items,  however,  relatively  few  oan  he  found  In  the 
appropriate  power  range.  Nearly  all  of  these  Inverters  must  he  adapted  for 
the  reduced  cooling  requlxenent  of  the  antdolpated  DAPS  duty  cycle. 
Regardless  of  the  design,  an  inverter  will  add  a  slgnlfinsnt  weight  (15002000 
pounds)  and  volume  (1015  Ft.*)  to  the  overall  system. 


1.0 


This  report  presents  the  results  of  a  study  ocnducted  hy  Hamilton  Standard  for 
tiae  investigation  of  potential  fuel  cell  energy  souroes  to  provide  the  on- 
hoard  power  for  the  various  Oeployahle  Aooustlo  Projector  System  (LAPS) 
conponents.  Conponents  to  he  powered  include  a  transducer,  ocntrol/oommand. 
huoyancy.  signal  oonditioning  and  oomminlcation.  Included  In  this  report  is  a 
discussion  of  the  various  SPB  fuel  oell  power  system  cptions.  reactant  storage 
schemes,  system  requlreaents.  power  oonditioning  equixaent.  safety  features 
and  oost  trades  appUoahle  to  tibs  DAPS  oonoept. 

The  SPB  fuel  oell  is  uniquely  suited  as  an  energy  souroe  for  the  Deployable 
Aooustlo  Projector  System.  This  energy  souroe  consumes  gaseous  hYdrogen  and 
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ax^ea.  reayotaxxts  to  produce  eleotrloal  energy.  'This  dlieot  conversion  of 
<jh«loal  energ;  to  electrical  ener:^  rqpa?esents  a  hl^y  efficient  process. 
Safet;  hazards  are  nrinlintzert  In  the  SPB  liYdrogen/azYgen  fuel  giTwt 

positive  separation  of  reactants  Is  altwYS  naintalned.  Our  SYSteos  safetY 
tolerate  all  failure  nodes  due  to  a  well  estnhUftfwrt  pressure  hlerar^  acd 
SYSten  operating  pbllosopfaY  as  detailed,  in  Section  11  of  tMs  rqport. 


I3ie  solid.  polYner  electrolyte  fuel  oell  has  daocnstrated  a  superior  power 
density  that  nakes  It  highly  deslrahle  for  -Oie  DAPS.  whKdi  nust  operate 
underwater  at  high  power  levels.  Qie  selection  of  Uie  optlMBB  fuel  cell  power 
supply  involves  several  key  oonsidexations.  These  include  Hie  tYpe  of 
electrolytlo  ngabrane  used,  the  operating  current  and  the  fuel  storage  neOial. 
Several  different  noohranes  can  he  used,  ea^  wltii  a  different  characteristic 
prtlertzatton  curve  (relationship  between  current  density,  in  Aups/Pt.*  and 
oell  voltage).  The  oell  voltage  deternrtnes  not  only  the  voltage  and 

output  power,  hut  also  the  fuel  effldeocy.  The  actual  current  density  will 
Influence  the  size  of  the  oell  stac^  and  the  fuel  efficiency.  The  fuel 
storage  method  and  fuel  effldenoy  affects  the  size  and  weight  of  the  fuel 
load  and.  hence  the  total  plant  size. 

2.0  mawflir  (wavia 


The  developmeDt  of  the  polYmer  electrolyte  tedbnology  related 

products  has  been  a  oonttmiTg  effort  since  the  1960's.  SFS  fu^  ortUs  were 
first  developed  as  a  viable  product  around  1960.  Over  tbe  past  thirty  years. 
Ijuprovanents  in  membrane  and  electrode  technology  allowed  for  significant 
perfomanoe  enhancement  in  SPB  fuel  cells  and  also  promoted  a  broader 
technology  base.  Proven  applications  include: 

*  later  eLectrolysls  -  produc^tlon  of  hydrogen  and  cocYgen  for  space,  under¬ 
sea  /iTyhigtyl  Jtl  fma . 

*  OKYgen  concentrators  >  cxaaverslon  cif  air  to  00.6%  oocYgen  for  aircraft 
life  support. 

*  Prlmery  hYcIrogen/eBcygen  fuel  cseUs  -  eleotrloal  power  generation  for 
space,  sea  and  ground  power. 
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*  BBgeDem.tlYS  to^dbrageD/oocsgea  fofil  o^Us  -  energy  storage  for  aerospaoe 

Jt-ppl  i  fxt-trl  ona . 


Tbe  solid  polyaer  eleotrolyte  and  oatalytlo  daotrode  tecixnologles  serve  as 
t2]e  haals  for  tbe  Isoad  soope  of  the  stasdaxd  product  Use.  Tbe 

solid  polymer  eLeotrolyte  Is  slmplY  a  eheet  of  plastic  material  having  a 
thldaiess  of  5  to  10  mils,  nils  ion  emchange  material  Is  very  slmnar  to 
Teflon  hut  has  sulfonic  add  groups  attached  to  tiae  side  to  allow  for 

Ion  transport. 


— — C— — 

SOLID  PCCOIBt  BCaSBCLZXB 
GFt 

(  CP. _ .GP, _ CP.  ) 

j>,H 

The  material  presently  In  production  Is  a  perflnorooaxhon  polymer,  Naflcn,  and 
Is  produced  by  DuPont. 

The  use  of  the  solid  polymer  sheet  as  the  prlndpal  electrolyte  In  an 
electrocfaenlcal  oeU  offers  the  following  advantages: 

*  High  Effldency 

*  High  Bdiahlllty 

*  Low  Weight 

*  Long  Life 

*  Systan  Safety 

*  Mechanioal  Integrity  and  stability 

*  Oonpacdess 

*  Ease  of  TtaTv^HT<g  During  Asseihly  and  Malntmanoe 
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•  GapafailltY  of  Sustaloijag  Hl^  Pressoxe  Differentials  Across  tiie 
EleotrolYte 

•  No  TeodeocY  to  Neact  wl'Ui  (Z)«  to  Foxn  Carbonates 

PfaYsioallY  Ixnrtad  on  eacb  side  of  the  eleotioXYte  are  thin  oatalYtio  elec¬ 
trodes  wblcSi  suyport  eleotrodsenlcal  balf-oell  reaotlans.  Ftr  tbs  tasdro- 
gen/OBYgea  fuel  oell  ostbode  (oKSgen  ^Leotrode).  a  t2dn  vetprooflng  fila  is 
placed  over  tibe  electrode  In  order  to  prevent  product  veter  from  abstracting 
tbe  active  surface. 


UNITED 
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lbs  perfonnaace  of  these  electrode  structures  bas  been  tested  for  over  60.000 
bours  in  a  taYlirogen/oaesgen  fuel  cell  life  test,  vith  alnlnal  performance 
degradation.  Ibe  specific  voltage  decaY  ^  ^^^*38  than  one  microvolt  per 
hour  at  a  current  densitY  of  100  nqis  per  square  foot  (ASF). 

Develqpaent  of  tbe  SPB  fuel  ceil  product  line  began  daring  tbe  1950's  and  bas 
been  steedilY  pursued  ever  since,  for  a  oontlnuallY  vldmlng  range  of  appli- 
catiocs.  SPS  eieotrolYSls  product  was  ;ijx  tbe  l^'s 

with  the  advent  of  long  life  flacropolYmer  eieotrolYte  modsanes.  Since  that 
time  the  SPB  eieotrolYSls  product  line,  nice  tbe  SPB  fuel  cell  product  line, 
bas  also  been  developing.  Tbe  cumulative  dsvelpiBient  experience,  as  described 
In  Appendix  A.  forms  a  significant  portion  of  Ihe  tecbnologY  base. 

Over  the  thlrtY  Yoors  of  develppment  of  SPB  fuel  cells  there  bsve  been  three 
major  InnovatiaDS  that  have  brought  the  SPB  fuel  cell  to  its  current  status: 

-  Introduction  of  DuPont's  Nafion  menbrane 

-  Datroduotion  of  parous  caOode  wetproofing 

-  Introduction  of  electxlcallY  oonduotive  porous  cathode  wetproofing 

Countless  lapwvements  have  been  made  over  tbe  ysbts,  however,  tbe  above  three 
InnovatiaDS  have  provided  a  most  significant  laqact. 

Wfcfinn  MPBferma  -  de  NASA  Gemini  spacecraft  utilized  the  first  space  fuel 
cell,  an  OKY^en/hYlrogen  SPB  fuel  oell.  This  SPB  fuel  oell  was  successful 
onlY  because  the  nriggifiai  Ufe  requlraoents  were  short  (<500  hours)  and  the 
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operatiODal  tenperature  was  low.  The  polystjreDe  sulfonic  add  meaihranes  used 
at  'Qiat  tine  dnaoioally  degraded  in  the  hYdrogeo/cocYgen  enwlrannent  sudi  that 
aU  useful  life  was  ea^ended  in  ahout  1000  hours  at  room  tai^jerature.  Cross 
cell  leakage  developed  as  a  result  of  the  attach  of  1he  membrane,  and 
oell  stack  voltage  and  current  fell  to  zero. 


Ihe  Biosatellite  SPB  fuel  oell  had  a  operational  tesiperature  require¬ 

ment  and  a  longer  mission  life  requireoent  (>1000  hours)  tJvm  dn  the  Gemini 
fuel  oell.  The  requirements  were  met  by  the  introduction  of  the  Nafion 
membrane.  The  very  first  Nafion  membranfis  decreased  -die  chemical  attack  rate 
and  improved  manbrane  useful  lifetimes  by  apprcodmately  two  orders  of  magni¬ 
tude.  Over  the  years  since  the  Biosatellite  program,  further  Increases  in 
useful  lifetimes  hacve  Obtained  through  jjnpwwMawmtja  iji  the  membrane 
material,  in  oell  fahrloatian  tedmlques  and  In  xeflnaDents  cf  operational 
conditiaDS. 


WAtqimfY^Tig  >  A  ebortoGming  of  both  the  Gesdni  and  Biosatellite  fuel  was 
the  very  low  current  density  ciapabllity  (<50  ASP).  The  low  current  density 
resulted  fron  partial  cathode  eleotrode  flooding  by  the  product  water  which. 
InMhfltfld  omygen  gas  from  diffusing  to  a  reaotlm  site.  In  the  late  1960's.  a 
cathode  wetproofing  film  was  developed  which  algnlfloanctly  reduced  the  orygen 
diffusion  difficulties. 

This  cathode  wetproofing  film  was  Introduced  Into  the  Space  Shuttle  SPE  fuel 
oell  technology  program  and  the  U.S.  Navy's  HASPA  SPE  fuel  program. 
Current  density  capabilities  several  times  the  Gemini  and  Biosatellite  fuel 
oells  were  obtained  on  these  SPE  fuel  oell  programs.  ECwever.  these  Initial 
wetproofing  films  were  not  electrically  oonductive  whlc^  made  it  necessary  to 
collect  the  electrical  current  Srca  the  edge  of  tiie  oells.  limited  the 
useful  current  density  to  less  than  250  ASF. 

nrmrtimfci’wft  Wetprooflng  -  A  reoent  sajor  step  was  perfected  in  the  late  ISTO's 
and  that  consisted  of  the  develppment  of  electrically  oonductive  cathode 
wetqiroofing  films.  This  development  AUmtTvt-hptt  the  need  for  edge  current 
oollectlon  and  allowed  current  densities  in  esoess  of  1000  ASF. 
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Hia  blstocy  of  SFB  fuel  cell  perf ozxcasoe  and  life  oapahllltY  are  shown  on 
Figures  1  and  2.  The  high,  current  deosit;  achieved  h;  todaY's  fuel  Is 

attributed  to  the  electrlnallY  conductive  cathode  wetproofing  fUa  used  In 
combination  with  perflnorinated  mmhranes  UJes  Hafion. 

2.1  Hawal  EQWBT  gnmrv*  TSarhwftIryy 

SPE  fuel  cells  have  been  used  previouslY  to  power  nacval  huoss.  One  su^ 
application  was  the  developDect  of  a  1.8  aHE  power  system  for  the  Naval  Air 
Develppnent  Center.  This  ocBipletelY  sealed,  seLf-oontalned  fuel  oeU  power 
supply  was  designed  for  operatian  In  a  subsurface,  mooied-buoy  surveillanoe 
system.  The  development  effort  was  for  potential  appHoation  la  a  sized 
buoy  configuration. 

The  unit  consisted  of  three  major  subsystems:  1)  Hydrogen  generator;  2) 
ooeygen  generator;  and  3)  electrical  subsystem.  The  electrical  subsystem 
Included  a  stadt  oontalni,ng  38  series-connected  fuA  ceils  to  pravide  oontin- 
uous  and  pulse  power  with  the  associated  oontrols  for  gas  reactant  flow  and 
self-contained  Inert  gas  aocunulation  (produoed  by  reactant  gas  generators). 
Hydrogen  and  oorygen  for  the  fuel  oSU  stack  operation  were  obtained  by  dieai- 
oal  gas  generation  fhom  stored  solid  chemioal  dharges  within  the  unit.  The 
^ter  produoed  during  fuel  cell  operatLon  was  used  In  the  hydrogen  Hipp 
generator  to  react  with  stored  sodium  aluminum  hydride  (NaAlH«)  for  hydrogen 
generation.  Oxygen  was  generated  by  the  Ignition  of  a  sodium  chlorate  oandle 
(NaClO,)  Initiated  by  a  low  oxygen  pressure  signal  In  the  oxygen  generator. 
This  resulted  In  a  seepientlal  ignition  of  one  of  twenty-two  packaged  candle 
charges  and  liberation  of  a  fixed  amount  of  oxygen. 

The  hydrogen  generator  was  activated  by  applying  21  VDC  to  the  unit  activation 
circuit.  This  permitted  the  startup  charge  of  31.9%  BB  solution  to  cxmtact 
the  chaxlcal  charge  within  the  Kipp  generator  for  hydrogen  liberaticn  on 
demand.  The  oxygen  generator  was  also  activated  simultaneously  by  closing  the 
electriceLl  cdrcaiit  to  the  fuel  csell  stack. 
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Figure  a  shows  the  oomplete  power  plant  iTinlufllng  gas  generators,  ocntrols  and 
fuel  stacdc.  Figures  4  and  5  Show  the  sea  water  testing  of  the  1.6  kWH 
power  plant.  The  overall  STStem  fluid  schanatio  Is  i^bown  on  Figure  6.  Design 
data  for  this  power  plant  are  as  follows: 


*  Total  unit  weight  fully  charged: 

*  Total  watt-hour  capability: 

*  Biergy  Density: 

*  Size: 

*  Ooptlimous  output  power: 

*  Pulse  power  oapabUlty: 

*  Voltage  regulation: 

*  Operating  teaperature  range: 

*  Storage  tenperature: 

*  Max.  Internal  oxygen  generator  p 

*  Operating  life: 


23.9  Pounds 
1844  watt-hours 
77  watt-te/lb 

6.628  l2£ii  dla  X  6  Inc^  high 
0.48  watt 

7.9  watts  for  30  ninutes/day 
29  ±  4  VDC 

27  to  120»F 
-68  to  +160*F 
:  800  psla 

90  days  at  rated  power  (United 
only  by  size  of  fuel  9  ooddant 


Testing  of  the  1.8  kME  fuel  cell  power  plant  was  oonhint^  hotii  in  the  re¬ 
search  lahocatoiy  and  In  the  water  at  the  St.  Gkclx  test  site.  Suooessful 
operation  to  five  oontlnnous  weeks  was  ehown  In  the  lahosatory  and  approx- 
InatSly  one  week  at  St.  Gbxdx. 


A  44  kMH  self-contained  fuel  (9611  power  stqply  was  also  designed  for  operation 
in  a  deeply  moored,  huoy  survelUanoe  system.  Hals  effort  was  under  ocntract 
to  Sanders  Associates.  Ino.  for  potential  appUoation  as  a  power  siqply  In  a 
huoy  system  cxanoept  developed  for  the  Naval  Air  System  Ccamand.  The  unit 
consisted  of  three  major  subsystems:  1)  Hydrogen  generator;  2)  ooeygen 
generator;  and  3)  elecTtrlcal  subsystem.  The  electrical  subsysten  Included  of 
a  stadt  <^nn•^A^T^^T^g  six  series-connected  fuel  cells  to  provlxle  the  oontiraicTus 
output  power  and  the  power  reqpilred  to  recharge  a  MiGd  battery,  unlike  the 
1.8  kWH  power  plant,  a  battery  was  prcTvlded  for  the  huoy  systan  pulse  load 
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FIGDRB  4.  SeoMater  Testing  of  1.8  kW  Unit 


11 


|}mij!W®GsQ 


DeplOYBble  Aooustlo  Frojeotor  SjsteB  (DAPS) 
Eoer^  Souxoe  StudY  -  Flaal  Report 
Oontraoi:  Mo.  MQ2igo-6&-M-Q7S4 


o* 

LO  IN> 


,  KOH/HjO  PILL 


OCN  IN^ 
Ox  OUT 


MX  OUT. 


UKGENO 


ISOLATION  VALVE 


Ox  LINE 


;  HxLINS 
QUICK 

DISCONNECTS 
I  KOH/HxO 


FIGDRE  6.  Fluids  Schematic  of  1.8  kW  Power  SYStem 
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requlrenents.  Tbe  lAttexy  was  necessary  for  the  required  500  watt  peaks  due 
to  the  current  density  UadtatlaDS  of  the  1967  fuel  technology.  At  that 
time  a  500  watt  fuel  oell  sta^  alone  would  have  required  a  volume  of  acre 
than  3  Ft.*  and  would  have  had  a  weight  of  greater  than  75  pounds.  The 
generation  of  hydrogen  and  arygen  in  this  syerteB  was  Uko  sane  as  that  for  the 
l.a  kNE  unit,  eaoo^  that  greater  fuel  and  oaddant  quantities  were  provided. 
This  unit  oould  also  he  operated  with  external  hottle  gas  supplies. 


A  sketch  of  the  44  IdlH  self  huoy  fuel  oeu  power  plant  Is  shown  In 

Figure  7.  The  system  design  data  was  as  follows: 


Total  unit  weight  fully  charged 
Total  watt-hour  capehlllty 
Energy  density 
Size 

OontlTMous  output  power 
Pulse  power  capability 
Voltage  regulation 
Operating  tenperature  range 
Storage  temperature  range 


313  Pounds 
44.000  Vatt-hours 
140  Vatt-hours/pound 
la-  dla  X  18.3”  high 
B  watts 

500  watts  for  2  seoonds/hr 

3  ±  .2  VDC 

27  to  120*F 

-68  ip  -neo’F 

150  psla 

One  year  cxatlnuous  at  rated 
power  (limited  only  by  size 
of  fuel  and  oxidant  charge) 


*  Max.  Internal  oxygen  generator  pressure 

*  Operating  life 


2.2  gpg  Vatu  fMT  TATnrlAHwntoilg 


The  menflTrane  electeolyte  used  In  the  SPB  fuel  o611  Is  a  sheet  of 
perfluorlnated  polymer  about  10  mils  thloh,  having  many  of  the  physical 
characteristics  of  Teflon.  Since  this  polymer  bas  sulfonic  groups 
chemically  bonded  to  It  when  saturated  with  water,  it  acts  as  an  escellent 
Ionic  cxnductor  and  Is  the  only  electrolyte  required  In  the  fuel  system. 
Ionic  cxsnductlvlty  Is  provided  by  the  mobility  of  hydrated  hydrogen  Ions  (H*^  ‘ 
X  EtO).  These  Ions  are  cxaiducted  through  the  by  between  the 
fixed  sulfonic  add  groups;  therefore,  the  oonoentratlon  of  add  remains 
oonstant  within  the  polymer  and  system  electrolyte  need  not  he  r^enlShed. 
The  polymer  Sheet  Is  known  as  an  Ion  exchange  membrane  (IQl).  a  tough 
plastic  (Figure  8).  It  also  provides  reliable  sqaratlon  of  reactant  gases. 

A  typical  oeU  Is  shown  In  Figure  9.  This  represents  a  ocss-sectlonal  view 
through  the  SPE  oell  with  the  attached  electrodes  depicted  on  either  side  of 
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figure  8.  Solid  PolYioer  Electrolyte  Mfimbrj<ine 
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SOLID  POLYMER  ELECTROLYTE  FUELCEU 


Figure  9.  SPE  HyJrogen/CbcYgea  Fuel  Cell 
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tiie  mesAarane.  Qrygen  and  taylrogen  gases  axe  sizpidled  to  lAie  oxygen  electrode 
(catAsode)  and  hyclrogen  Electrode  (ancxle)  respectively  in  tiie  fuel  oell.  Tbe 
electrodes  consist  of  high  surface  area  catalytlcally  active  oaterlals  vblch 
support  the  electrocbendoal  reactlans. 


Hydrogen  gas  Is  oanstmed  by  an  eiectrocAieBdoal  balf-cell  reaction  In  vdilcAi 
hydrogen  lens  are  produced  and  electrons  axe  released  to  the  external 

circuit  for  driving  an  electrical  load.  At  -Uie  oatbode,  -die  hydrogen  Iocs  and 
electrons  participate  In  an  eleotrodsesdoal  reaction  along  with  reactant 
oxygen  to  fem  pure  water.  Tt1q|»1rt  water  Is  prevented  fren  filming,  vhldh 
would  mask  reaction  sites,  by  applioatian  of  a  hydrophShlo  film  to  Ihe  oxygen 
electrode,  dbe  product  litpild  water  Is  reaoved  from  ea^  cell  either  by 
gravity,  a  porous  plate  separator  or  by  flowing  aBoms  oxygen  gas  through  the 
cathode  chamber. 


2.3  RffftTftg 


The  SlectroohPBdcal  reactions  for  the  hylrogen/oxygen  fuel  cell  are  depleted 
In  Plgoie  10.  At  the  fuel  cell  anode,  oxidation  of  hydrogen  occurs,  forming 
protons  azd  eleotrons  acoording  to  the  half  reaction: 

H.  -  2H*  +  2e" 

Protons  are  oonduoted  through  the  IBf  wl'&  the  eleotrons  passing  along  the 
electrocatalyst  to  -Oka  external  drcolt.  At  the  oxygen  electrode,  reduction 
occurs.  Ihe  protons,  oxygen  and  electrons  are  consumed  In  the  other  hA.if 
reaction: 


4e”  +  4H^  +  0,  -  2H,0 

From  -Oie  free  energy  of  the  reactlan,  one  predicts  the  open  circuit  potential 
of  such  a  oell  to  be  1.23  volts  with  a  pressure  of  one  atmosphere  absolute  for 
both  gases.  Agreanent  of  theory  and  practice  bas  not  been  realized,  probably 
due  to  electrode/lnterfaoe  phencsieDa.  Actual  open  circuit  voltage  of  the 
hydrogen/oxygen  fuel  oell  Is  closer  to  1.00  volts,  and  is  quite  repeatable. 
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SPE  FUEL  CELL  SCHEMATIC  SHOWING 
ELECTROCHEMICAL  REACTIONS 


SPE  Fuel  Cell  * 
Solid  polymer  electrolyte 


.Electrical  load 


FIGOBE  10.  Electrochenistry  of  tbe  Hjdrogen/QxYgen  Fuel 
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Thenaodysamlcs  also  predicts  that  the  cell  voltage  will  Increase  with  an 
Increase  la  reactant  pressures.  In  practice,  this  result  Is  generally  at¬ 
tained  to  pressures  of  ICX)  pslg.  Reactants  will  diffuse  through  the  IQl  in  a 
linear  relatlrmship  wUh  pressure.  The  dependenoe  of  reactant  diffusion  on 
pressure  Is  nearly  linear.  Ifaus.  at  pressures  above  100  pslg  further 
efficiency  increases  are  not  realised,  as  reactloa  efficiencies  are  offset  by 
loss  of  reactants  across  the  tnmhrane. 


The  tiieoretlcal  open  dxcuit  voltage  decrease  for  'die  hplrogen/asygen  fuel 
cell,  due  to  an  increase  la  cperating  taperatuxe.  can  be  oalailated  with  the 
use  of  the  following  equation: 

dP  -  [cpT  (ntr-i)l  F* 

'Tx 


Where  dP  is  the  (±ange  la  free  energy,  ^dxicdi  is  proportional  to  the  cell 
voltage: 


Gp  Is  the  specific  heat  of  product  water 
T  Is  the  tenpexature 

Tt  Is  the  afasolate  teaperataxe,  2S*C  -  29B*K 
T.  is  the  flaal  tenpexature. 

Theimodynanic  effects  are  not  the  only  factors  which  Influence  cell  voltage 
when  the  oeU  operating  tenpexature  Increases.  The  aanbrane  resistance 
decreases  with  an  Increase  la  tenpexature  and  reactant  gas  diffusion  also 
increases.  Also,  at  very  high  tenperatures  C>250*P).  product  water  vapor 
pressure  limits  ozjgen  reactant  pressure  at  the  electrode  surface,  creating  a 
negative  effect  on  cell  voltage  operating  at  approximately  100  psl. 

The  additive  effect  of  all  factors  result  la  a  moderate  Increase  la  SPE 
hydrogen/oxygen  fuel  cell  performance  with  teipexatare  to  approximately  140*F 
to  160*P.  Above  this  range,  positive  temperature  effects  on  cell  voltage  and 
efficieQcy  are  severely  diminished. 
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Based  on  Infomatlon.  we  can  oonoltde  tiiat  tbe  fuel  oeU  be 

operated  vlth  reactant  pressures  of  90  -  100  psla  If  SYSten  oonstralnts 
pennit.  Also,  tlie  oell  tenpexature  fiaujtild  be  as  bl^  as  possIWe  vltbout 
resulting  In  eaoessive  reactant  diffusion  or  cell  degradation.  A  conservative 
envelope  proves  to  be  140*F  -  iaO*F.  These  ocndltlons  allow  for  high 
effldencY.  Icng  life  operation  of  the  fuel  cell.  The  perforaanoe  of  oeUs 
oonflguxed  from  two  different  Kaflon  foranlalrlons  (117  and  120)  under  these 
operating  conditions  axe  shown  In  Figure  11. 


3.0  wTRgrrw  wnmaanaaTg 


The  DeplOYBble  Aooostlo  Projector  Source  fuel  oeu  power  SYSten  is  required  to 
provide  power  rellahlY  over  the  length  of  the  mission.  The  mission  power 
requlrenent  Is  400  KF  for  two-seoond  durations  or  100  kff  for  ten-seoond  duxa- 
tlcns.  The  total  mission  power  requlrenent  Is  132  kW  Br. 

Additional  xequlrenents  axe  that  the  power  aooroe  be  safe.  easY  to  operate, 
reliable  and  oost  effective.  The  SYErten  must  be  easllY  sod.  xapldlY  recharged 
and  must  be  easllY  configured  to  fit  wlttiln  the  anticipated  volume  envelope. 
It  Is  assumed  that  -Oils  SYBtem  should  be  as  ebbOI  and  lightweight  as  possible 
Yielding  a  high  energY  densltY.  and  that  aooustlo  emission  be  mlnljinzed. 

4.0  PCTm  sgs™  QPFras 

Itear  tens  power  SYStem  requlrenents  can  be  attained  bY  adapting  existing  fuel 
oell  technologY  to  meet  the  power  SYStem  specifications  of  tbe  DAPS.  Present 
"off-the-shelf"  module  d<»gigng  ^^arY  onlY  In  active  area  and  mode  of  electrlc:al 
cnixrent  and  fluids  distribution.  The  design  of  the  membrane  electrode  asseik- 
blY  ranalns  fixed,  although  suhstltutlon  of  membrane  materials  having  differ¬ 
ing  physical  properties  represents  an  coition.  A  description  of  each  general 
tjpe  of  fuel  oell  hardware  follows: 

0.23  Pt.«  Sfgfwm  TYpa  -  Thtg  tjpe  Of  electrochemical  device  hardware,  shown  in 
Figure  12.  has  proven  versatlUtY  and  rellabllltY.  The  menhrane  electxcde 
assemblY  forms  the  heart  of  the  cell  design.  The  oocYgen  elee?trcxle  has  a 
conductive  wetproofing  film  attached  In  order  to  prevent  water  buildup  on  the 
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FIGURE  11.  PerfoiBMaoe  of  t2ie  Bpirogea/Qxj^en  Fuel  f-on 
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surface  of  tbe  oatalyst.  A  package  of  niobium  screens  Is  placed  In  Intimate 
oontact  vi-Oi  tbe  membrane  electrode  assembly.  -Oxus  fcsmlng  a  means  for 
reactant  and  product  transport  as  well  as  current  distribution.  A  circular 
polysulfone  f^ane  surrcunds  tbls  screen  package,  affording  a  means  for 
overboard  sealing.  A  artwilar  screen  pei^age  and  frame  design  pdaced  on  tbe 
alternate  aide  of  Ibe  membrane  forms  tbe  hydrogen  osvlty  of  tbe  oeU.  This 
screen  package  is  oonstruoted  from  niobium  due  to  its  proven  durability  in  tbe 
hydrogen  environment,  ceu  units  are  assembled  In  bipolar  fashion,  with  a 
oonduotive  separator  kbeet  placed  In  between.  A  scbematlo  of  a  tjploal  cell 
assembly  is  Shown  in  Figure  13. 

Because  of  its  proven  xSliabllity.  tbls  bardware  Is  presently  being 

field  evaluated  for  tbe  U.S.  Navy  and  is  being  used  by  tbe  Royed.  Kavy  for 
osygen  generatian  In  nuclear  subaarlnes.  m  additicn.  tbe  0.23  Ft.*  oftii 
configuration  is  being  modified  for  high  pressure  arygen  lecbarge  of  space 
suits  and  also  eieotrolysls  for  space  station  propulsion  fuels.  Fuel 
have  been  developed,  besed  on  tbls  design,  for  pulse  power  Kaval  Buoy 
applloatlons. 

ELeotrocbemloel  stacks  having  80-100  oeUs  are  manafactured  routinely  at 
Rharllton  Standard.  This  hardware  has  proven  durability,  in  Ibat  single-cells 
have  been  run  for  more  than  90.000  hours,  ehowlng  wriniinai  voltage  degradatlan. 
F\]lly  asseaibled  stacks  have  run  for  tens  of  tfannsands  of  aapexe  hours  sbowlng 
excellent  perfaxmanoe.  lOO-ceU  modules  have  been  qualified  for  high  Shock 
and  vibration  operation. 

0.78  Ft.*  Srawn  Typft  -  Tbe  0.78  Ft.*  circular  screen  type  fuel  cell  hardware 
is  presently  being  develpped  for  Eaval  v^ailcle  and  buoy  power  sipply 
applications.  Tbls  bardware  features  a  large  active  area  ^diicb  allows  for  low 
current  density,  high  efficl.ency  operaticn.  Tbe  drcular  ebape  provides 
excellent  sealing  capability  In  sulti-oSIl  stacks  and  also  promotes  even  heat 
and  c^urrent  distribution.  Tbls  bardware  represents  a  scaledHqi  version  of  tbe 
present  production  0.23  Ft.*  bardware.  and  tberefore  will  exhibit  the 
excellent  mviUTig  and  stadsability  cbaraoterlstlcs  of  tbe  prcxbiction  hardware. 
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n.Q  Pt. »  ghftwfc  Mwfcal  -  Tbe  0.9  Ft.  *  square  daest  natal  hardware  was  orlglnallY 
deslgsed  for  lov  wei^t  spaoe  fuel  oeil  aifJloatlops.  It  oonslats  of  a  stadt 
of  lodlvldual  fuel  oeU  asseoblies  eadi  0.100  inch  thick,  oos  of  utaldi  is 
illustrated  la  Figure  14.  Its  various  layers  oonalst  of  the  cell  menbrane 
having  a  ^dmeRB  of  0.009  lacdx.  a  ooalant  oartrldge  and  aa  anode  support. 
The  oell  has  a  square  pattern  and  the  active  surface  for  design  rated  condi¬ 
tions  Is  0.9  Ft.*.  The  active  surface  Is  thereby  11.4  inrth***  square. 

Support  plates  outside  the  cell  take  the  tensile  load  necessary  to  ocaqaess 
the  stadc.  sealing  the  oell  asseablles  to  each  other.  Ihe  largest  of  these 
stadc9  oonsisted  of  lO-oeils  and  was  oonstruoted  for  a  NASA  regenerative  fuel 
oell  applloatlan. 

1.0  Ft.«  ftrwqhiian  finna  -  This  type  of  hardware,  diown  In  Figure  15.  was 
originally  developed  for  ooBmerclal  eleotrolysis  applicatlans  and  thus  offers 
tbs  potential  for  low  oost  construction,  m  tbia  configuration,  a  wetproofed 
electrode  support  banded  to  the  oxygen  electrode  provides  eieotrlcal  oontlsu- 
Ity  as  well  as  fluids  passage  between  the  eieotrode  surface  and  current 
collector  flow  field.  The  ourreat  ooUeotor  is  fabricated  fron  a  oonduotive 
graphite  coaqiosite  and  has  flow  passages  nalried  Into  each  side.  A  oonductive 
eieotrode  support  bridges  the  gap  between  the  hydrogen  flow  field  and  the 
membrane  and  electrode  assembly,  de  oeUs  In  a  stack  are  arranged  such  ttiat 
each  hydrogen  and  oxygen  cxnparhDents  are  altesnatety  separated  by  a  membrane 
and  a  current  ooUeotor.  A  fuel  oeu.  developed  for  X)eep  Base  appUcatians. 
which  utilizes  this  hardware.  Is  shown  in  Figure  16. 

Ihe  potential  of  the  1.0  Ft.*  graphite  hardware  for  low  oost  has  tnarf**  this 
design  attractive  for  vi^xLcular  appUcatlons.  Electrolyzer  stadcs  having  up 
to  forty-cells  have  operated  eff idently  at  high  current  density  for  tens  of 
thousands  of  hours.  Cells  configured  for  hulk  hydrogen  generation  have 
successfully  operated  to  currents  of  2500  aaps  with  minimal  voltage  variation. 

The  brittleness  of  graphite  hardware  does  not  lend  itself  to  appUcatlons 
requiring  moderate  shock  loads.  FOr  this  reason,  graphite  hardware  will  not 
he  cxansldered  for  the  OAFS. 
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FIGURE  14.  0.90  Ft.  *  Cell  Hardware 
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FTGDRE  15.  1.00  Ft.*  Cell  Hardware 
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FIGOBE  16.  Prototype  HYdrogen/Gilorlne  Fuel  Call 
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nrmgiAjmttnng  fm  T>Bgt<yn  saiftftMnn  _  Qje  ease  With  vblcii  oeU  baxdware  may  te 
modifiel  allows  for  tlie  fuel  cell  <te«ign  to  be  tailored  to  tiie  esact  DAPS 
appUcatloa.  In  tills  manner,  every  ebemeot  of  -Oie  fuel  oeu  module  oould  be 
designed  In  suc^  a  way  so  as  to  iiri-niiirt«7!A  oost  wblle  maarlmizing  power  s^^stem 
effldenoy  and  energy  density. 


AtBcJOGDOmL  -  Beoioval  of  product  water  Is  a  orltloal  issue  wben  oonslderlng 
fudl  odll  perfomanoe.  later  can  be  rqaoved  by  ^  variety  of  means  In  tbe  SPE 
fuel  oeu.  eacb  means  baving  differing  systems  laqpUoatlccs:  By  gravity 
Induced  phase  sqaiatlGn.  by  porous  plate  tecfmology.  by  pafgdng  emess  oxygen 
past  the  oatbode.  and  by  utilizing  coolant  flow  to  produce  a  venturi  effect. 

wwMi  uwirwmi  -  Heat  generated  fnoa  tbs  fuel  oeU  reaction  may  be  renoved 
either  actively  or  passively.  An  active  system  uses  a  coolant  suc&  as  water 
to  serve  as  a  beat  transfer  fluid.  Tbe  water  Is  pumped  pest  tbe  cathode  of 
eacbi  oeU  to  an  external  beat  emcbanger. 


Product  fuel  cell  water  may  be  used  in  this  case  to  adnlmlze  system  ocnplexlty 
and  volums.  A  passive  beat  removal  system  utillzee  a  plate  which  Is 
placed  wltbln  each  cell  In  Ibe  fuel  ceil  modnle.  This  plate  offers  a  mwMnw  by 
which  heat  may  be  oondooted  away  firom  tbs  module  to  eltber  a  mass,  or 
to  an  external  heat  ezcbanger. 


5.0 
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Ibe  DAPS  fuel  cell  power  system  will  consist  of  a  fuel  cell  module,  reactant 
storage,  a  fluids  piping  system  and  an  electrioal  control  system.  Each.  vUl 
be  described  In  more  detail  as  follows: 

VI  n>»n  MnrtniA  -  Hie  fuel  oeU  module  Is  an  eleotrocbemlcal  reactor  which 
provides  an  efficient  means  of  electrical  power  generation,  lbs  fuel  cell 
module  Is  In  actuality  an  assembly  of  ladlvldual  cells  which  consume  reactant 
gases  ^diUe  producing  direct  corrent.  wighgp  current  capaldllty  Is  afforded 
by  Increasing  the  active  area  of  each  o^  \hlle  an  Increase  In  module  voltage 
Is  attained  by  adding  cells  to  tbe  stadc.  Module  current  and  voltage  vary 
according  to  power  demand. 
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Bwwrtemt  Rtnwi^  -  ihe  SPE  fuel  oell  utilizes  taTSzogen  gas  as  tlie  fuel  and 
0K2g^  ^  ^  ooddant.  Peactast  storage  is  ediieved  via  utUlzatica  of 
oomnerolallY  availahle  pressure  vessels.  crYOgeDlo  taaks,  natal  taplxldes  or 
dhealcal  storage  meass.  Beoause  of  the  stolchicnetrY  of  the  overall 
electrochemical  reaotloa.  twice  as  jaxh.  faplzogen  Is  oore>aDal  qperation 

of  the  fuel  cell  as  is  ooesgen.  Therefore,  twice  as  auch  Iqdrogen  oust  hn 
CStored  for  the  mission  than  oxygen.  Also,  the  product  water  Is  easily  stored 
in  a  separate  tank  or  expelled  overhoaxd. 


PipiT>y  fiyghw  -  operahlllty  of  the  power  sjstea  requires  that  reactants 
he  delivered  to  the  fuel  oell  froa  storage  while  product  water  is  simultane- 
cusly  removed.  This  is  achieved  hy  utilizing  an  azxangement  of  eovlronaent 
ocnqatihle  tubing  along  with  fluids  regulation  and  oonctrol  equipment.  These 
ocmponents  innlude  gas  regulators,  snlmnld  valves  and  shutoff  valves.  The 
fuel  oell  module  consumes  reactants  on  demand;  therefore,  system  oon&ol 
requiremeots  are  adninal. 

mwnia^rni  finrirtarm  System  -  Ohe  electrical  control  system  oonsists  of  a 
oontroUsr.  relays,  eto. ,  whldh  provide  for  safe.  xeUafale  oontrol  of  the  fuel 
oeu  power  system.  This  system  oontrols  the  flow  of  reactants  and  products 
during  startHq),  ehntdown  and  load  transients.  Power  system  status  azxi 
control  are  provided  by  a  control  and  display  module. 


ihe  general  system  ocaoponents  arzengement  is  shown  in  Figure  17.  This  shows 
the  major  systan  oomponents  and  also  provides  seme  information  regarding 
system  arrangement.  The  specific  system  schaoatlo  is  depicted  in  Figure  18. 


6.0 
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The  fuel  cell  module  represents  the  heart  of  the  DAPS  power  system.  The  SPB 
hyirogen/axygen  fuel  cell  module  la  oomprlsed  of  several  sets  of  repeating 
elements  whlOh  function  as  individual  oells,  jitwirinru^i  segments  ^dildh 
facilitate  stacic  ooBp:ession.  fluids  and  electrical  dlstrlhutloa  and  reactant 
faim1f11,ficatlon.  Each  segment  vUl  he  described  in  detail  in  the  following 
sectiens. 
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SYSTEM  COMPONENTS  ARRANGEMENT 


FIGURE  17.  System  CamponeDts  Arraxigenent 
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6.1  Qall  ^ganaMULfla 

TO  poraduoe  &  noltiple  cell  nodnle.  the  rqpeatlz)^  elenents  axe  stacked  hotweea 
end  idates  Ixi  a  filter  press  fakblon.  Figure  19  dlsplaYB  a  tjploal  stacking 
axxangenent.  When  the  stai^  Is  oonpressed.  the  lat  faxns  a  gaeket  seal  sround 
the  Inteiml  oanlfolds. 

In  this  design,  each  Individual  oOU  contains  three  ooB^ertaents.  one  vhldi 
contains  hsdxogen  reactants,  one  vtaixdi  ormtalns  oocsgen  reactants,  and  one 
«hlch  passes  cooling  water.  This  cooling  oonpartaent  need  not  he  Indtided  If 
a  passive  coding  ssstes  Is  utilized.  AH  are  oonprlsed  of  similar 
ocnponents.  YSt  each  Is  designed  spediloally  for  the  necessary  function. 
Eadi  oonponeot  tegrtemta  only  a  artnor  aodlfloatlcp  of  existing  SPB  cell 
tedanolQgy.  Eadi  Individual  segmeot  of  Ihe  oell  Is  described  helov. 

nnntMrt:  P»mgag>»  ~  Arttel^  Oonltog 

A  ooolant  water  passage  nay  he  provided  to  eadh  odl  In  order  to  effectively 
i-enove  the  heat  generated  during  opeiatlcn.  This  oodant  passage  Is  stnply 
constructed  In  the  circular  screen-tjpe  hardware  wllh  components  vhlcdi  are 
used  In  the  asaenhly.  Manifolding  of  this  oodant  passage  Is  afforded  ly 
pdysulfone  fhames  vhich  contain  snail  parts  which  oonunloate  with  the 
screened  oonpartments.  ELectrlcal  oonduotlvlty  and  fluids  distribution  are 
provldsd  by  a  layered  screen  package.  Che  side  of  the  water  fluid  assanhly 
is  formed  by  the  solid  nlcbium  sheet  that  separates  the  water  from 
hylrogea  gas.  Ihe  other  sldr  is  also  formed  by  a  solid  niobium  sheet  that 
separates  'Oie  water  from  ooygea  gas.  Ohe  perimeter  is  sealed  by  a  .060  Inch 
thirte  pdysulfone  frame  which  provides  both  an  Overboard  seal  and  Internal 
fluid  manifolds.  Ihe  pdysulfone  frame  has  appropriately  fashioned  lateral 
hdes  to  aocxmoodate  the  flow  of  Utpild  water  Into  and  out  of  the  active  area 
of  the  oell.  The  active  area  of  the  water  fluid,  assembly  consists  of  a 
niobium  qqanded  metal  screen  package  and  an  electrically  conductive 
ociapresaion  pad. 
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!Qie  eleotrlcaUy  ocoductive  ooopresslaii  pel  Is  made  from  approadjnatelY  .065 
inrti  toldc  gnifirav*  rutiher  with,  sailtiple  holes  through  Its  thidoaess. 

motiun  .003  th-ioJc  is  woveo  through  the  rubber.  fuoctlaDS  ot 

this  component  are: 
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*  Provide  uniform  ccMpression  loading  Td.toln  toe  active  area  to  maintain 
proper  electrical  oonductivitY 

*  Provide  for  conduction  of  eLectrons 

The  niobium  screen  padEa^e  forming  toe  water  fluid  assemhly  to  made  of 
twelve  layers  of  0.005  inch  tolde  niohtun  expanded  screen.  The  major  function 
of  this  oanponent  Is  to  provide  a  low  pressure  drqp  pessageway  for  toe  cooling 
water  to  pass  through  the  cell.  Additional  functions  Include  oaixYlng  eleo- 
troos  and  accepting  product  water  into  toe  water  loop.  The  bulh 

cooling  fluid,  flowing  between  the  oonpression  pad  and  toe  hydrogen  separator 
plate,  aatomatically  provides  proper  cell  heat  renoval  toaraoteristlcs. 

(TnftllTig  WAte  -  finnUTiy 

Provision  for  passive  cooling  within  toe  fuhl  oAU  may  also  be  Induded  as  an 
alternate  design  «^proach.  This  consists  of  estenslan  of  one  or  more  of  toe 
oiolsiuni  separator  plates  within  the  module  to  an  external  heat  sink.  This 
heat  sink:  may  he  a  water  jadket.  metal  housing  cr  other  thermal  mass.  Gne 
oonvenlent  means  of  utilizing  toe  excess  heat  to  for  toe  liberation  of 
hYdrogen  fuel  from  metal  hYdride  oantoters  for  use  in  toe  subsequent  reaction. 
Passive  cooling  of  the  fuel  cell  offers  toe  advantage  of  having  no  moving 
parts  within  the  SYStem.  This  often  enhannes  SYStaa  rellahility  and  reduces 
acoustic  emission.  One  drawback  is  toat  passive  cooling  SYStems  often  do  not 
have  as  much  heat  removal  capadtY  as  do  active  cooling  SYStans.  and  therefore 
are  oommonly  used  in  applicatlans  which  require  low  current  densities. 

OTYgen  Ser^  AgHwnhiy 

The  OKYgen  screen  assembly  represents  a  stack-up  of  expanded  metal  screens 
gimiiAy  to  those  located  in  toe  ooolant  passage.  Platinum  plated  niobium  is 
used  in  screen  package  due  to  its  excellent  corrosion  resistance.  The 
screen  allows  flxiids  and  electrical  current  to  be  distributed  uniformly  over 
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the  entire  active  area.  This  screen  padcage  is  fcxcned  by  welding  the 
together  to  foxn  a  oomponent.  The  ooygen  screen  asseahly  is  bounded 

on  one  side  by  a  niCblum  foil  wfaidi  serves  as  a  fluids  separator  and  on  the 
other  side  by  the  mateane/eieotrode  asseahly. 

gylTttfBn  .<VgWi  ABBMrfiilY 

The  hydrogen  screen  asseahly  provides  a  slurilar  function  to  the  osy^en  screen 
assaihly.  la  this  case,  niofaluin  is  also  iJae  aaterlal  of  rholoe  due  to  its 
resistance  to  oorroslon.  -  The  hydrogen  screen  asseahly  is  hounded  on  one  side 
by  a  niobium  foil  and  on  the  opposite  side  by  a  mantaiaae  and  electrode  assem¬ 
bly. 


6.2  fifav*  Owpi^ftfisrtnti 

The  oftlls.  fluid  distribution  assanhlles  and  product  water  separators  are 
coapressed  between  end  plates  oonneoted  by  insulated  tie  rods.  Belleville 
spring  washers  on  the  tie  rods  provide  for  thenaal  eaqpanslan  and  ocnponent 
cre^  and  therefore  aaintaln  unifoia  coapression  over  time. 

The  end  plates  have  the  major  functions  of  aaintalnlng  a  uniform  ocapression 
load  and  ooUecttng  the  current  from  the  stadc  terminals.  One  end  plate 
establishes  a  flat  ocapresalon  reference  plane  and  provides  the  fluid  inter¬ 
faces  between  the  fuel  oeU  stack  reactant  prehnrnldifiostlon  seotlan  and  other 
fluid  OQspcnents  of  the  system.  The  opposite  end  plate  assists  in  stack 
coapresslon.  A  load  is  applied  to  the  stack  for  the  fluid  ports  and 

outboard  frame  and  also  for  mini  ml  zing  electrical  contact  resistance  in  the 
bipolar  cell-stack  configuration. 

Reactant  faumldlflcatlcn  is  necessary  In  order  to  minimi rM  icx:allzed  drying  of 
Ihe  membrane  in  the  fluids  manifold  areas.  The  taumldlfler  of  the  fuel  oeU 
module,  shown  in  Figure  20.  autcmatlcally  presaturates  the  InooBting  hydrogen 
and  oxygen  reactants  to  a  dew  point  equal  to  the  oell  operating  teoperature 
and  is  essential  for  extended  SPE  fuel  oell  life. 
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END  PLATE  REACTANT 
PREHUMIDIFIER 
SCHEMATIC 


(—Coolant  in 

l*>Humidifitd  O2  out 
p  Product  water  in 

(•■Humidified  H2  out 
r*  Coolant  in 

—  End  plate 


■Coolant 
labyrinth  path 

Membrane  separators 


Scavenger  catalyst 


ifl.< 


•3 


Heat  conducting 
screen 

■Heat  transfer 
plate 


■  Coolant  out  Hg  in 
^  Hg  In 

Product  water  out 
•O2  in 

‘Coolant  out 


FIGDBE  20.  End  Plate  Reactant  Bumlxiifier 


36 


UNITED 

TECHNOLOGIES 


DeplOYBl3lje  Aooastlo  Piojeotor  SYSten  (SAPS) 
BaergY  Soaroe  Studj  -  Fixal  Report 
Oootraot  No.  NB2ig0-d&-M-0754 


Trassport  of  vater  to  12]e  inocpiog  reactant  stxeaas  Is  achieved  b;  separating 
the  reactants  fim  a  water  source  bj  aeans  of  a  hydrated  nentarans  bavlng 
HiiBflrMriring  identical  to  those  wltbln  ^  oeU  stack.  Water  Is  oontlnuously 
and  autcnatlcallY  transported  across  the  membrane  to  bumldifY  the  reactants. 
Platinum  oatalsst  materials  are  attached  to  either  side  of  this  manbrane  %Mcb. 
serve  as  reocnhinatioa  sites  for  diffusing  gases,  ihe  meubrane  is  supported 
bj  niobium  screen  parages  on  either  side  while  the  reactant  and  water  ogd- 
partments  are  laterallY  bounded  b;  pdYSuIfcoe  frames,  ffimridlfisr  ocBpoaoents 
are  situated  toward  the  reactant  Inlet  end  of  the  fuel  ceil  module  and  all  are 
compressed  along  with  the  cell  canponents. 

7.0  mms  svsgBf  mcimwMBins 

Gbcjgea  Is  provided  to  the  fuel  cell  module  b;  mms  oocYgen  subssstem 

uhich.  contains  tubing,  regulators,  valves,  eto..  to  fadlitate  reactant 
control.  In  a  similar  mauner.  bYdrogen  feed  Is  oontrolled  by  a  bYdrogen 
subssstem.  Mi-niw*.!  sYStem  -  control  Is  required  beoeuse  the  SFB  fuel  oell 
oonsumsB  reactants  on  demand.  A  liquid  water  coolant  subsYstem  vfalxh  contains 
a  beat  exchanger,  valves,  pump  and  water  storage  oontainsr  be  used  to 
assist  In  fuel  oell  beat  removal  when  passive  ooollTig  is  Inadequate,  later  Is 
manifolded  from  the  fuel  oell  to  a  storage  reservoir. 

7.1  OrTfai  gnhBTatw 

CbcYgen  from  the  reactant  supplY  Is  regulated  to  the  desired  pressure  and 
introduced  Into  the  fuel  oell  module.  Ultbla  the  fuel  oell  nodule,  tha  CKYgen 
reactant  Is  first  and  then  fed  to  the  Individual  cells  in  piirallel 

through  the  stadc  cocYgen  Inlet  manifold.  Qnoe  In  the  oeUs.  the  OKYgen  reacts 
with  hYdrogen  and  product  water  Is  foxoad.  The  product  water  Is  fed  from  the 
OKYgen  fluid  rAamhgp  to  a  storage  vess^.  The  major  oxYgen  subSYStaa 
auKLUazy  and  monitoring  oomponents  which  are  required  Include: 

*  OKYgen  Siq^plY  Regulator 

*  OKYgen  Supidy  Sol  enoid  Valves 

*  Sys^  Relief  Valves 

*  O^en  Bade  Pressure  Regulator 

*  Pressure  Transducers 
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13)6  Qsygea  suteystem  Is  oonprlsed  of  tlaa  oxygen  storage  and  product  water 
storage  as  well  as  any  associated  piping  necessary  for  connection  to  t2ie  fuel 
cell  nodule.  13)6  oxygen  tankage  can  be  filled  by  slJiqply  attacMng  an  external 
oxygen  source  to  tbe  fin  port.  During  operation,  oxygen  passes  -Quraugb  a 
proteotlve  solenoid  -valve,  -tbrougb  a  nitrogen  referenced  regulator  and  finally 
-tibrougb.  an  orifice  before  entering  tbe  fluid  plate  of  Ibe  fuel  oeU  module. 
Product  water  is  removed  from  eltber  end  of  Ibe  nodule,  and  is  fed  by  gravity 
to  a  storage  vessel.  Ibis  water  can  act  as  coolant  and  can  be  pumped  tbrougb 
a  beat  exbbanger  -via  a  themal  control  valve  and  bade  to  Ibe  fuel  cell  module. 
13)6  coolant  Is  passed  across  eacb.  oell  and  manifolded  to  -Qie  water  storage 
-vessel.  All  oxygen  subsystem  oemponents  are  isolated  from  tbe  environment  by 
means  of  a  vessel  whldi  Is  pressurized  wltb  nitrogen. 

7.2  Hydmfm  Snbgystam 

Hydrogen  from  Hie  reactant  supply  Is  regulated,  for  safety  reasons,  to  25  psl 
below  tbe  oxygen  pressure.  Like  tbe  oxygea  reactant.  Hie  hydrogen  Is 
humidified  in  tbe  end  plate  hunidlflfir  and  then  dSldvered  to  -Q)e  stacb 
hydrogen  maz)ifolxi.  Tbe  hydrogen  flow  In  Hie  fuel  cell  is  dlreoted  Ibrougb  a 
oasoadlng  arrangement.  Tills  Is  neoessary  slnoo  reactants  introduced  to  Hie 
fuel  cell  are  generally  not  10G%  pure.  Normally  Inerts  such  as  nitrogen, 
argon  and  some  hydrocarbons  are  present  in  low  oonoentratlans.  As  reactants 
are  oonsumed,  diluent  remaining  In  tbe  system  builds  In  oonoentratlon.  Tbe 
net  effect  is  a  slight  reduction  in  operating  -voltage  of  individual  cells. 
Tbe  cascaded  system  Is  arranged  sueb  Ibat  diluent  Is  swqit  away  from  all  but 
one  oell  in  -0)6  module.  When  tbe  stage  four  cell  -voltage  falls  to  0.60  -volts, 
a  Sbert  hydrogen  purge  Is  conducted,  sweeping  impurities  out  of  tbe  systan 
eilber  overboard  or  to  an  aocumulatlon.  A  representative  caLsoaded  system  is 
shown  In  Figure  21. 

The  major  hydrogen  subsysten  ofmiponents  include: 

*  Hydrogen  Supply  Solenoid  Valves 

*  Hydrogen  Siq:iLL7  Regulator 

*  Systaa  Relief  Valves 

*  Hydrogen  Bade  Pressure  Regulator 

*  Pressure  Transducers 
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FUEL  CELL  WITH  HYDROGEN  CASCADE 


•-Inert 


FIGDBS  21.  Hydrogen  Casciarie  Systeo 


(MiMioaiyr^Ga 
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1336  hydrogen  suhsysrtan  contnilna  a  means  of  storage  along  with  piping  for  even 
reactant  feed  to  the  nodule.  The  hydrogen  storage  system  is  charged  before 
the  nri.«isrifm  through  an  extemal  fill  port.  PurlTg  operatioa  of  the  nodule, 
hydrogen  passes  from  storage  through  a  solenoid  valve,  a  nitrogen  referenced 
regulator  and  an  orifice,  before  passing  through  a  checdc  valve  and  entering 
the  fuel  oeU  nodule.  The  hydrogen  is  casoaded  tiarough  the  nodule  sach  that 
oontasdnants  will  be  Isolated  in  a  specific  blodr  of  cells.  As  the 
cxmtasdnant  level  bunds  durlrg  operation  the  perfomanoe  of  these  cells 
deteriorates.  The  voltage  reduction  is  sensed  and  a  solenald  valve  is  opened 
and  closed  rapidly  to  flusdi  oontaninatlon  out  of  the  system.  This  operation 
Is  Infrequently  dtiriTg  a  nission.  The  hydrogen  subsystem  ooapanents 
can  he  protected  from  the  seawater  envljotanent  by  means  of  a  vessel  which  Is 
pressurized  wiHi  nitrogen. 


7.3  VrM-q»  Cmlfott: 


The  fuel  cell  can  utilize  product  water  as  the  coolant  fluid.  Vithln  the  fuel 
cell  the  coolant  passes  through  the  individual  oeUs  in  a  paralle],  flow 
oonflguratlan.  After  ahsorhlng  the  waste  heat  of  the  oells  and  yxp 

enoess  product  water,  the  ooolant  passes  through  the  reactant  pr^tarnddifler 
\diich  provides  the  heat  of  vaporization  and  the  water  fcr  bnarldlfl nation.  The 
major  oonponents  required  for  the  product  water  ooolant  subsystem  include: 

*  Ooolant  Punp 

*  StaCh  Temperature  Sensor 

*  Tbexmal  Control  Valve 

*  Beat  Exchanger 

8.0  BRAOiAm  glOMGB  QPTiaiS 


The  SPB  fuel  cell  system  makes  use  of  hydrogen  gas  as  Ihe  fuel,  and  oocygen  gas 
as  the  oodxilzer.  These  gases  have  tbe  advantage  of  low  oost.  ready  avail- 
ahility.  high  energy  and  freedom  from  toodo  hazards  and  corrosiveness. 
Extensive  industrial  e^qierienoe  wiHi  hydrogen  and  oxygen  lends  itself  to 
proper  storage  of  these  reactants. 
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8.1  Mwtail 


Storage  of  reactant  gases  in  natal  taxkage  Is  -tibe  slnplest  and  aost  oobbcti 
approach  to  reactant  storage  for  fuel  oeUs.  Gases  are  aost  oobdodIy  stored 
at  pressures  of  3QGO  pel  or  less;  bousver.  reactant  storage  at  eocX)  pel  bas 
been  suooessfullY  artilsved  in  a  xanite?  of  appUoatiooaB. 

As  the  reactant  storage  prfBwme  is  inoreesed,  seieotioa  of  preopure  'vessel 
materials  beooaes  a  crl'tloal  issue.  At  'the  3000  pal  level  or  above  Itoonel 
718  is  'the  naterlal  of  cbdoe  for  orageu  storage  due  to  iSae  Minimal 
flanDabllltY  hazard  and  also  ooaqpatlbllitY  with  ihe  fuel  oAU.  For  bpSTOgen 
storage.  AZSZ  4130  steel  or  316  stainless  steel  are  oobbodIy  nsed  due  to  -Oielr 
resistance  to  bYdrogen  enbrlttleDent  and  ooa^tibllltY  with  the  fuel  oell. 
Cexmerclal  tankage  oan  be  readllY  fabricated  fron  these  naterlals  for  anp 
applioatlon. 

a.a  GcqpQBLbBL&Dkagft 

IbeoEwre  mmwlrt  fabricated  tsm  ooaqposLte  naterlals  have  been  used  in  natval 
and  aerospace  applinstloDS  for  over  ixmatj  pBers.  Ibis  reactant  storage 
approach  offers  significant  ueigbt  rednotlon,  corrosion  reslstanoe  and  slight 
vDlune  sayings.  Oonipoeite  storage  vessels  offer  the  following  advantages  over 
metal  tanlcs: 

*  Slgber  Spedflo  Strength  (Tensile  Strength/OensitY) 

*  Higher  Reslstanoe  to  Fatigue 

*  Leak  Before  Rapture  Failure 

*  Htghgp  Bipact  Reslstanoe 

Cost  represents  'Oe  major  disadvantage  to  utilization  of  oonposite  tankage. 

Ibe  nost  oonaxmlY  used  fiber  relnf oroaoents  for  ooapoaite  tankage  are  fiber¬ 
glass.  azamld  (Kevlar®)  and  graphite. 

Elhecgle&a  -  ^  grades  of  fiberglass  are  available.  E-glass  is  a  low 
oost/low  strength  material  which  is  oonnonlY  used  where  weight  savings  of  a 

®  Kevlar  is  a  Registered  Trademark  of  E.I.  DuPont  d^emours.  Inc. 


43 


Deplo^alale  Aooostlo  Frojeotor  Ssstem  (DAPS) 
Boexgf  Souroe  Study  -  Plaal  Separt 
Contract  No.  NS2190-6d-N-C7S4 


system  Is  not  a  major  factor.  The  density  of  E-glass  Is 
79%  that  of  2Llumtiium.  S-glass  can  he  used  In  applications  \dilcfa  require 
higher  strength  or  stlffhess.  The  strength  of  S-glass  Is  suhstantially  higher 
than  that  of  B-glass,  and.  the  flher  (  a  measure  of  fiber  strength)  Is 
20%  greater.  The  oost  of  S-glass  Is  four  times  greater  than  that  of  E-glass. 

-  Ih  applications  requiring  Mgh  strength  and  lev  weight.  EiSvlar  49,  an 
axamld  fiber  produced  by  DuPont,  is  often  used.  The  strength  for 
Kevlar  is  only  slightly  ><-<ghAff»  than  that  of  S-glass  and  ttie  fiber  density  is 
40%  lower.  Tbs  oost  of  Kevlar  Is  approadmately  twenty  times  that  of  S-glass. 

Composites  which  ntlllme  Kevlar  as  a  base  material  offer  better  fatigue 
properties  than  those  which  utilise  fiberglass.  Kevlar  oonposite  pressure 
vessels  oan  be  cyoled  frem  zero  to  fifty-five  percent  of  -Qie  ultimate  pressure 
over  100.000  times  before  a  fatigue  failure  occurs  flberglass/qpozy 
vessels  oan  only  be  cycled  apprcodmately  five-hundred  times. 

^^*^^**  -*  A  wide  range  of  graphite  fibers  are  svaHahle  for  use  In  oemposite 
tankage  with  modulus  values  tqi  to  nearly  ten  times  that  of  S-glass.  Mces  of 
the  fibers  alone  can  range  txam  fifteen  to  fifteen-hundred  times  that  of 
B-glass.  These  materials  are  typically  used  In  appUoatlaas  In  which  low 
weight  and  high  stiffness  are  required.  CycUo  fatigue  properties  of  graqhlte 
oonposites  are.  like  Kevlar,  far  superior  to  those  of  fiberglass  ocniposites. 

nrwpngttft  PPftfignrft  UBfigwi  t.itiawi  -  Due  to  Ihs  Inherent  porosity  of  oomposite 
vessd  ^lells.  oomposite  tanks  usually  Inocrporate  liners  to  prevent  leakage 
of  the  ooflatalnfd  fluids.  These  vessel  liners  may  be  fabricated  frem  either 
metal  or  elastomers. 

Tn/tfitmtfrin  T.intfrtt  -  ELastamerlc  liners  ace  typically  either  chlorObatyl  or 
actylonitrlle  rubber  and  are  nonaally  formed  around  a  rigid,  water  soluble 
mandrel.  This  rigid  mandrel  serves  as  a  base  Shape  around  %dilch  the  oemposite 
shell  Is  wound  and  subsequently  cured.  The  soluble  mandrel  material  Is  then 
washed  out.  Elastomer-lined  oomposite  vessels  have  very  high  cyde  lives  and 
as  test  vessels  have  demonstrated  In  ggnaea  of  250.000  cycles  to  failure.  The 
gas  permeability  of  elastcmer-linpri  vessels  Is  higher  than  that  of  metal-lined 
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-7 

vessels.  Leakage  rates  of  less  tban  10  soc/seo  are  tjplcal  of  ostal-lined 

-4 

vessels.  While  rates  of  10  soo/seo  axe  representative  of  elastCDer-llsed 
vessels  at  a  pressure  differential  of  8000  -  1000  psi  vben  oeasured  In  a  2800 
Inc^  *  vessel. 


T.iTwira  -  There  axe  tuo  tjpes  of  aetal-Uned  oonposite  pressure  vessels: 
Those  wi'^i  thin,  nonstructural  liners,  and  those  with  load  liners.  In 

vessels  vilh  load  Sharing  liners,  the  liner  say  oaxry  as  midi  as  twenty 
peroent  of  tlie  load  at  operating  pressusre.  As  Hie  vessel  pressure  Increases, 
tlie  load  is  transferred  to  tlie  oonposite  fia>ell. 

The  aajor  Uadtatian  on  the  design  of  netal-llned  wtnrtm  is  oscUo  fatigue. 
Ihe  oydlio  fatigue  oapaMlity  of  the  Shell  fax  emeeds  that  of  the  liner, 
thereby  making  the  liner  design  orltloal  to  the  xeiiataility  of  ttie  vessel. 
Table  1  oontalns  a  list  of  the  oomnonly  used  metal  liner  materials.  Only  the 
stainless  ste^  and  Inoonftl  optians  are  oonsldered  fox  fuel  oeil  appUcatlaDs 

to  <Tnnip»t1rl>rf  1 1  <:y  iSSUeS. 

WSZ  I 

Mfrar.  t.thrp  HATBgAia 


ATinmwiii 

5065-0 

6A1-4V  (Annealed) 

6061-T6 

15-3 

2219-T6 

6351-T6 

HJCD-Tia 

gTATWrjggt  gPRRT. 

321  GRES 

K-500 
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8.3  MBtal  Btfridfltt 


One  means  of  storing  hyirogen  reactant  for  tbe  mIflBlon  Is  In  tSsa  tarn  of  a 
metal  taydiide.  This  material  Is  stm^Y  a  metal  efalcfa  onntaiTiB  hsdrogea  within 
Hie  Interstitial  sites  of  the  atomlo  lattice  structure.  Most  elenental  metals 
vUl  fOCT  metal  hylrides,  however,  acne  perfom  nodi  better  than  others  In 
srtorlng  hyto^en. 


A  tspioal  reeotian  oan  he  written:  M  -t-  B«  -  MB, 

TViia  reaction  pfrwM>r<  ^  rm  qq  ths  envlroDmental 
oonditlODS.  If  the  preoeure  Is  above  a  oertain  level  (charaoterlstio  of  ths 
material),  the  reactim  jBOoeedls  to  the  right  to  form  the  metal  taySrlda;  If  it 
is  below  that  level,  the  metal  hylride  deocmposes  to  fora  a  high  surface  area, 
particulate  metal  and  gaseous  hylrogen.  SlmllarlY.  at  an  appropriately  high 
temperature,  the  metal  hydride  will  also  dooompooe. 

When  gaseous  hydrogen  oontacts  a  hydride  farming  metal,  hydrogen  molecules  are 
jihieam»wy|  rrrrtq  ths  surfsce  of  the  mstal*  Of  <*»**if>  soleoules  to 
fora  atOBdo  hydrogen,  which  migrates  Into  the  orystal  lattioe  of  the  metal  to 
Interstitial  sites  within  the  struoture.  Each  crystal  struoture  and  base 
material  has  a  differing  size  and  location  of  these  Interstitial  sites.  As 
the  pressure  is  Increased  or  the  temperature  Is  decreased,  the  metal  beocnes 
saturated  with  hydrogen  and  a  new  hydride  phase  Is  formed.  Since  metal 
crystals  have  many  of  these  Interstitial  sites,  large  amounts  of  hydrogen  may 
be  stored  within  'Q:e  metal.  Topically,  the  number  of  hydrogen  atcms  stored  In 
the  crystal  will  be  two  to  three  times  tbe  number  of  metal  atoms. 

The  use  of  a  metal  hydride  for  'Oie  storage  of  the  hydrogen  reactant  has  many 
advantages  Inolnrilng  mini  mum  volxnBe.  safety,  and  the  fact  that  it  can  he  used 
as  a  heat  slxdt  dining  disdbarge.  Gne  difficulty  with  the  use  of  hydrides  is 
the  long,  relative  flat  "plateau”  in  discharge  pressure  between  «^prazlmately 
1C%  and  90%  of  full  when  using  a  standard  metal  hydride.  This  nearly  constant 
discharge  pressure  melees  it  dlf flcult  to  deteraine  tiie  state  of  charge  based 
on  direct  pressure  measureDoent. 
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FortunatelY.  tasdriicies  can  te  nndlflflc!  to  produce  a  slope  to  tSse  “plateau*  for 
a  given  teaqperature.  Tbls  allous  one  to  prepare  a  hplrlxis  forsulatlcaa  and  to 
kDOv  the  state  of  charge  b;  pressure  level  at  a  given  teniperatare  ocnhined 
with  the  Ixsdrogen  flow  rate.  The  state  of  <±axge  of  an  SPB  fuel  cell  ixpjrogea 
simply  oan  therefore  he  neasurafale  as  the  operating  precaure  ranges  as  anch  as 
30  psl  over  Hie  course  of  the  oonplete  disdiaxge. 


8.4 

Chflaicnl  storage  means  may  he  utUlmed  for  oxygen  storage  within  the  DAPS 
systen.  Phels  sudh  as  sodium  oan  he  used  If  water  Is  ecvallahls  for 

the  reaction.  Oxygen  Is  evolved  as  fouows: 


HaO,  +  2E,0  ->  0,  KaOB 

Another  cheadoal  storage  means  wblcdL  has  been  prevloaSly  used  In  buoy  power 
systems  is  the  utUlzatlaa  of  sodium  chlorate.  Ibis  reaction: 

SHbCIOi  30«  >  SEtaCL 

can  proceed  without  emchangs  of  water  with  the  surroundings.  Solid  sodium 
chlorate  provides  an  oxygen  density  a^iproadmately  equivalent  to  that 

of  llqiild  oxygen.  Chlorate  are  a  well  establl&hed  souroe  of  oxygen 

pure  enough  for  breathing  purposes.  Ihe  oandlns  oan  be  pressed  into  any 
desired  shape  and  the  varied  to  adiieve  any  specified  rate  of 

oxygen  evolution.  These  candles  are  Ignited  by  heating  a  small  area  wheretqm 
the  reaction  proceeds  spontaneously  to  oonpletion. 

Bylrogen  may  he  stored  in  the  form  of  a  sodium  alurnlTum  hydride  (NaAIH*). 
This  compound  is  reallly  available  and  has  been  used  in  previous  buoy 
appUcatiocs.  As  thia  material  Is  wetted  with  potassium  hydroxide 

(KCH),  hydrogen  Is  evolved.  Gas  evolution  rate  may  be  controlled  by 
regulating  the  contact  area  between  liquid  ECB  solution  and  solid  NaAlH^. 
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Ibe  DAPS  power  sixpplY  on;  te  rec^aarged  la  a  vaxletY  of  wbys  depantUng  upon  tbe 
reactant  storage  astbod  enq^OLosel.  It  is  neoessarY  Ibat  lbs  gas  saxcoe 
pressure  te  Mgber  than  ibe  sjatee  storage  prenfnrre  when  gas  bottle  storage  is 
utrJLlzed.  lbs  gas  source  la  ***•*«  aay  be  OGanerdallY  available  3000  or 
6000  psi  gas  bottles,  hby  be  supplied  at  lower  pressure  and  OGupressed  to  3000 
or.  6000  psl.  osY  be  generated  bY  applY^ng  power  to  tbs  fuel  cell  nodule 
(r^euerative  SYSt^aB),  or  ns;  be  generated  bf  aeaas  of  a  stand-alone  water 
electrolYSls  sYStea.  Becbarge  of  crYOgenlc  SYStens  recpilres  a  means  for 
b^irogen  and/or  cocYgen  for  Hfxnefln^tjfin.  Hstal  IxYdrlde  canisters 
mav  be  slnplY  reobazged  bY  pooling  tbe  bYdrlde  oanlster  la  the  presenoe  of 
v'  rogen  allowing  the  natrla  Interstices  to  be  replaxUbed.  Should  the  DAPS 
utilise  cbmlcal  storage  of  reactants,  these  fhagloals  would  need  to  be 
replaced  after  evezY  mission. 


u  sunBisrlaea  Ibe  various  reofaarge  aptians  along  witb  the  associated 
technical  rl£k  of  eadti.  Ihe  cost  of  eadh  recbarge  option  la  generallY 
proportional  to  the  taohnloal  risk  of  each. 
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9.0  HuaCTwrAT.  Rvgfgt  vsepnatHwvR 

ISie  oantTol  nrxlrile  provides  tlie  prlnarY  ocgotrol  far  tlie  SPB  power  SYStaa. 
Because  the  fuel  cell  Is  &  self — regtil atl Tig  devloe,  ooatrol  requlxements  are 
msiinal.  Onder  sonoal  operatlOQ  tlie  ormfemi  i  or*  receives  Inputs  from  the 
vazlsus  sensors  aol  the  control  and  gtgrw.i  interface.  Ttwga  inputs  are 
processed  to  control  operation  of  the  \talt  to  provide  the  following  functions: 

*  Start/StOp 

*  Automatlo  B^l^en  P^e  Control 

*  Coolant  Control 

*  Sensing  of  Overvoltage  and  Uhdervoltage  fvwrtitinng 

*  CdLl  Uluent  Control 
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Utader  ooiinal  ocodltloos  t2)e  fuel  power  system  will  te  autonatioally 
i^tdom  for: 


Over  Tenperature 
Low  Gbcji^  to  Hyteogen  AP 
Bl^  Casjgea  Pressoro 
Hl^  BsdxogeQ  Pressure 


Lopots  to  1218  oootrol  aodnle  wouM  ^nrt^1v^A  the  foUowlx)^: 


*  Module  Tenperature 

*  Fui8L  cell  Tenadual  Voltage 

*  BTlxogen  Aessure  (Ihlet  Tjassduoer) 

*  OKsgen  ftessore  (Ihlst  Tjausdnoer) 

*  Pressure  Differential  Tteusdnoer  (Cbcsgm  to  Bsdrogen) 

*  Start  Swit^ 

Figure  22  Shows  a  tsploal  systas  oootrol  blodc  diagraa. 


Various  systen  control  schanes  can  he  onmtrierel  for  the  fuel  oOU.  Factors 
ooDsMered  in  the  evaluation  Innludfrt  rOUahlllty,  'versatility,  size,  weight 
and  oost. 

10.0  Pcm  cninPHriiiwr:  vqmmT 

The  SPB  hydrogen/OKygen  fuel  oell  nonnally  produces  clean  D.C.  power.  In 
order  to  neet  the  power  requlzanents  of  the  DAPS,  this  power  must  be  sodified 
so^  that  alteroating  current  is  produced.  This  nay  be  achieved  -via 
utHizatLon  of  an  Inverter,  or  by  rapid  switching  of  a  fuel  oell  to  produce  an 
A.C.  oo^t. 


The  SPS  hydrogen/oxygen  fuel  oell  produces  a  highly  InnnBrlant  level  of  D.C. 
power.  As  curreut  is  drawn  fron  the  fuel  odl  power  systan,  the  nodule 
voltage  drops  fron  the  open  circuit  value  down  to  the  operating  level.  This 
level  Is  based  on  a  current/'vOltage  relatioDShlp  ^dxLch  is  daracterlstic  of 
the  hydrogen/oxygen  fuel  oell  and  Is  known  as  a  polarlzatlan  curve. 
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FIGUBE  22.  Control  ELodc  Dlagran 
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It  Is  necessary  to  convert  tbe  O.C.  power  produced  by  tbe  fuel  oeU  to  A.C.  in 
order  to  power  tbe  DAPS.  Ibis  may  be  acbleved  by  means  of  a  blgh  power 
Inverter.  By  using  an  Inverter,  a  reliable  A.C.  power  output  may  be  derived 
from  tbs  byirogen/ozygen  fuel  oeU  for  tbe  pulse  appUoation. 

A  block  diagram  for  a  typical  Inverter  is  Ebown  In  Figure  23.  C'is  Inverter 
consists  of  tils  following  elements: 

*  Weln  Bridge  Oscillator  wltii  Zener  mode  Regulation 

*  Fre-aapUfler 

•  puebr-puU  Class  AB  Power  Amplifier 

*  ZnterooDneotlng  Feedback  Glxcuits 

Altbcugh  not  all  inverters  are  alike,  most  utilize  these  basic  ocnpooents. 

From  a  D.C.  Input,  the  osomatnr  generates  an  A.C.  fdgnal  whldi  is  regulated 
and  stabilized  to  ooDpeosate  for  stpply  voltage  variations.  The  signal  is 
ooqpled  to  a  pre-aapLlfler  which  raises  the  power  to  a  level  cxmpatlble  with 
the  power  amplifier  Input.  The  A.C.  signal  Is  amootiied  with  the  push-pull 
power  amplifier  and  the  power  is  raised  to  the  output  level.  Feedback  paths 
exist  from  each  amplifier  to  assure  oonstant  ou^t  vdtage  stability. 

Ohere  are  many  Inverter  manufacturers  In  Industry.  Although  many  Inverters 
are  available  as  off-tiae-shfilf  iteos,  it  will  likely  be  necessary  to  modify 
<aarigHTig  technology  to  acocaiaodate  the  requirements  of  the  DAPS  program. 
Since  few  stock  items  are  capable  of  delivering  the  necessary  power  level. 
Factors  to  be  ooosidered  include: 

*  Volume 

•  Weight 

•  Cost 

•  Reliability 

•  Duty  cycle 

*  Power  output  requirements 

Of  the  manufacturers  cxatacted,  many  had  eagarlenoe  in  producing  Navy  certi¬ 
fied  hardware. 
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OUTTUr  ADJUST  AND 


FIGUKU  23.  Inverter  Block  Dlagraai 
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It  appears  tliat  off-tte-^helf  Industrial  quality  Inverters  would  be  noderately 
heavy  and  bulky  slooe  tbey  axe  sized  to  seet  losg  term  steady  state  power 
demands.  One  such  unit  measures  19"  x  ai"  x  72”  and  weighs  3000  -  4000 
pounds.  Tbls  unit  relies  on  free  oopcveotion  to  the  ontslde  environment  for 
cooling.  Much  of  the  weight  and  volume  of  the  unit  aay  be  attributed  to  this 
self  oooUng  mechanism.  It  Is  eaqectel  that  the  size  and  weight  of  a  unit 
designed  specifically  for  this  appUcatlm  oould  be  less  than  half  that  of  the 
catalog  item.  Qff-the-dielf  Inverters  cost  from  $100K  -  $200K  ,  while  a  fully 
developed  prototype  unit  shcvild  cost  slightly  more. 


TtfUGAlton  Standard  USD  studies  have  shown  tbaA  the  SPS  fuel  cell  can  be 
adapted  to  produce  alternating  current  directly,  m  dais  manner,  nucdi  of  the 
heavy  and  voluminous  power  oonrt1,tianlng  equipment  oan  be  eliminated,  thereby 
increasing  total  systan  power  density,  implementation  of  this  oonoept  would 
also  significantly  reduce  the  cost  of  the  system  pacdcage.  Although  some  work 
In  this  area  is  necessary  for  verification  of  details,  the  benefits  of  the 
A.C.  output  fuel  oeu  for  the  DAPS  are  fomtdahle. 


Over  the  past  thirty  years  there  bas  been  a  oaosrtant  approach  used  to  provide 
a  "man-rated”  system  safety  In  SPB  fuel  cells.  That  approacdi  Inoorporates; 


Qsygen  Overpressure 
Fuel  Volumes 

Careful  Materials  Selection 

Fault  Detection  and  Automatio  Shutdown 

Positive  Sepaxation  of  Fuel  and  Cbdxiant 


Ohe  oonoem  for  safety  is  the  central  driver  defining  the  ocnf Iguxation  of  the 
fuel  cell.  The  same  safety  issues  inherent  In  'die  design  of  and  operation  of 
hydrogen/oxygen  fuel  cells  have  been  addressed  In  the  design  of  the  U.S.  Navy 
OGP  high  pressure  electrolysis  system  where  safe  operaticn  at  3000  psi  has 
been  demonstrated.  The  criterlcn  used  to  evaluate  the  inherent  safety  of  the 
system  is  that  no  two  credible  failiues  presents  a  personnel  hazard. 
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ibe  speoUlo  safety  associated  t2)e  fuel  cell  are  described  In  t^ie 

paragraphs  that  f OUov  together  with  safety  provlslODS  innlurted  In  the  power 
system  design.  Provlfdons  Include  the  use  of  sensors,  safety  ^tdown/purge 
porooedures.  redundant  valves,  pressure  vessels,  solid  polymer  electrolyte 
membrane,  nitrogen  reference  pressure  and  oxygen  over  hydrogen  pressure 
ccntrol. 


Ihe  motivation  for  pursuing  the  SPB  fudl  oell  approach  is  the  Inherent  high 
reUahility  and  safety  which  result  from  the  sinpliolty  of  the  design.  Ihe 
SPE  fuel  Is  both  and  lightweight,  requires  few  ancillary  ocaipo- 
nents  for  operatlan  and  control.  Is  easy  to  place  ooa-llne  and  to  £hntdown. 
does  not  require  dose  oontrOl  of  anoda/oathode  chamber  pressure  differen¬ 
tials.  is  not  affected  by  small  quantities  of  oerbon  bearing  gases  within  the 
reactants  and  Is  not  subject  to  of  ^  electrolyte  In  cperatian.  It 
Alan  has  the  capability  to  meet  Mgh  levds  of  envlroBaaental  stresses  sudh  as 
vibration.  ehoc±  and  aooeleratlon. 


The  prooesslng  of  gasee.  and  In  partlcalar  oxygen  and  hydrogen  at 
elevated  pressures,  present  potential  safety  hazards.  These  hazards  result 
from  three  possible  sources: 


1.  High  pressure  ooeygen  donhustian: 

2.  An  Internal  detonation  which  results  In  the  release  of  fragments  beyond 
the  system  pacing  envelope; 

3.  An  external  hydrogen  leak. 


The  need  to  nr»ntat.iT<  the  effects  of  Mgh.  pressure  oxygen  oembustion  dictates 
that  tl;e  sources  of  the  hazard  be  tightly  tya'^t'roi  i  There  are  two  potential 
hazard  sources;  the  first  results  from  laaterlal  ooBgaatlhlllty  and  cleanliness, 
the  second  from  the  Introduction  of  hydrogen  into  the  oxygen  circuit. 
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!Qie  first  hazard  Is  nriTtiwiMti  through  to  veil  deftaeA  KaaHton 

Standard  deedgn  staxdards  for  0x52^  equlpneot.  Design  features  addressed  in 
the  standard  lnOI\yle  uterlal  smecticn  and.  oontrol,  seal  ooDflguratlon. 
cleanliness  and  filtration  requlrenents.  eieohdoal  grounding  and  drawing 
details  sued!  as  edge  hrealc  and  radii.  Thnlltnn  standard  has  extensive 
experienoe  with  ihe  design  of  flight  qualified  oxygen  Eystaos  Including  the 
6000  psl  Space  Shuttle  Brtravrtdmilar  Mobility  unit  oxygen  system. 

Bi^osare  of  the  low  pressure  oxygen  circuit  to  high  pressure  oxygen  is 
prevented  hy  tvo  overpressure  proteotlan  functions.  different  and 

Independent  pressure  relief  tedaologlee  have  been  Incorporated:  one 
pneuoatlo.  the  other  eiectmcal.  Pneusatlo  relief  Is  provided  lay  a 
backpressure  regulator  Installed  In  tbe  low  pressure  drcult.  Badkrvp 
pressure  relief  Is  provided  by  the  controller  by  monitoring  die  oxygen 
pressure  and  the  oxygen/nitrogen  differential  pressure.  If  either  sensor 
exceeds  specified  limits,  a  lew  pressure  oxygen  vent  valve  Is  opened  and  the 
redundant  oxygen  inlet  supply  valves  are  dosed.  PurlTig  quiescent  periods 
when  the  oxygen  souroe  Is  pressurized  and  the  controller  is  off  (or  failed 
off),  the  redundant  oxygen  supply  valves  will  antomatioally  dose.  In  the 
event  that  both  supply  valves  leak,  pressure  relief  would  stUl  he  provided  by 
the  hachpressure  regulator  valve. 


The  second  souroe  of  oxygen  cxnbustlan  results  from  the  posslMe  Introduotlan 
of  hydrogen  Into  the  oxygen  dxcult.  Ibis  Is  nl.n1iBtzed  by  unrf-Mng  tlie  single 
barrier  oxygen/hylrogen  interface  to  the  fud  odl  and  by  the 

OKjgen  pressure  above  hydrogen  to  oontrd  the  direction  of  cross  leakage 
within  the  cell.  Ihe  oell  menteane  has  been  demonstrated  to  withstand 
differential  pressure  of  greater  than  700  psl.  Ihe  nrmlnal  cx^gen  operating 
pressure  Is  100  psla  and  the  hydrogen  pressure  Is  malntalnerl  25  psld  bdow  the 
oxygen  pressure.  In  the  baadlne  design,  there  Is  sufficient  redundancy 
Incxrpoxated  within  the  pressure  regulation  azd.  relief  valves  so  that  no  two 
failures  produce  a  differential  pressure  greater  than  200  psl  and  that  no 
single  fEdlure  results  In  a  pressure  reversal  of  hydrogen  above  oxygen.  'Pius, 
the  SPE  fud  odl  design  has  a  3.5  x  factor  of  safety  with  two  credible 
failures. 
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To  aooGD|ill^  this,  &  pressore  blerarciiy  was  denr^Ioped  so  tiiat  in  tlie  event  of 
a  leakage  &t  &  two  gas  interface  ttie  dixeotiaii  and  effect  of  idie  leakage  is 
known.  Nitrogen  within  the  fuel  cell  enclosoxe  is  aaintalnnrt  at  ^  highest 
pressure.  Oxygen  pressure  is  oalntalnel  SO  psld  haiow  that  of  nitrogen,  and 
hydrogen  pressure  28  psid  hdlow  that  of  ossgen.  This  is  to  insure  that 
leakage  at  an  cocsgen/lqdrQgen  Irtterface  within  the  fuel  cell  nodule  results  in 
OKjgen  leakage  into  the  hydrogen  systen.  In  the  event  of  a  loss  or  drop  in 
the  oxygen  supply  pressure,  nitrogen  is  introduced  into  the  oxygen  drcuit  via 
a  nitrogen  relief  valve  to  maintain  the  oxygen  pressure  drcuit  above  hydrogoi 
pressure.  The  hydrogen  pressure  is  maintained  helow  the  oxygen  pressure 
through  the  hadqaressure  r^ulator  referenced  to  the  nitrogen. 


Because  of  the  possihllity  of  introducing  hydrogen  into  the  oxygen  drcuit 
through  the  nitrogen  reference  and  purge  line  foUcwing  two  failures,  tbe 
nitrogen  reference  lines  to  the  oxygen  and  hydrogen  drcults  are  isolated 
through  the  nitrogen  pressure  done  enclosing  the  fud  cell.  The  intermediate 
nitrogen  volume  is  used  to  reduce  -Oie  hydrogen  oonoentratian  below  one  peroent 
following  two  failures  before  its  introduotian  into  the  oxygen  drcuit  during 
a  failure  depressurization  seguenoe. 

11.1.2  internal 

The  oomponents  in  the  oxygen  drcuit  do  not  have  to  be  designed  to  oontain  ah 
eaqdoslan.  since  more  than  two  failures  are  required  to  introduce  an  explosive 
mixture.  An  explosive  mixture,  although  highly  unlikely,  could  be  Introduced 
In  the  hydrogen  drcuit  as  a  result  of  internal  cross  leakage  In  the  cell. 

If  an  internal  cross  oell  leak  developed,  the  effects  would  be  minimal;  oxygen 
gas  will  flow  into  the  hydrogen  subsystem  and  react  with  the  hylrogen  gas  In 
the  presence  of  platinun  catalyst.  Since  the  hydrogen  side  volume  is 
to  oontain  a  mlnlimm  quantity  of  gas,  the  hyirogen  fuel  is  oonsiimed  and  the 
hydrogen  flow  automatically  stopped  by  the  oocygen  overpressure  of  the 

hylrogen  input. 
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Experience  has  that  the  above  serpenne  occurs  wLthout  creating  a  safety 

hazard.  By  Halting  the  fuel.  Including  oaterlals,  daaege  Is 

very  locally.  Over  the  years,  a  umpher  of  deucinstratlons  have  been 
oonduoted  In  an  attenqpt  to  cause  detonation  wLthout  success. 


Ihs  oonponeuts  in  the  low  pressure  hydrogen  drcuit  and  the  low  pressure 
oacjgen  circuit  are  «ithln  the  fuel  cell  ni'teogen  enclosure.  de 

nitrogen  enclosure  Is  to  contain  tbe  fragments  following  a  detonation 

In  the  low  pressure  hydrogen  circuit.  Ihe  oocygen  oonponent  within  the  enclo¬ 
sure  Is  Isolated  from  the  hydrogen  oonponents  by  a  barrier  so  that  fragments 
released  from  an  esploelon  in  the  hydrogen  circuit  cannot  damage  a  low 
pressure  oocygen  ooaiponent. 


The  hydrogen  oonqponents  within  -Qie  enclosure  are  dealgnsd  for  “aie  maadmum 
overpressure  capability  addevable  within  practloal  design  Holts.  As  a  goal, 
they  fShnuM  be  designed  to  contain  an  internal  deflagration. 

11.1.3  Brttsrnal  gglmgfln  Iflafc 

The  lipaot  of  an  external  h^lrogen  leak  is  related  to  the  looation  of  the 
hydrogen  oonponents  within  the  fuel  oell  system.  Bydxogen  oonponents  In¬ 
stalled  within  the  pressurized  nitrogen  endosure  have  no  external  leakage 
paths.  The  nitrogen  within  the  enclosure  Is  ths  systen  pressure  control 
referenoe.  The  hydrogen  circuit  pressure  is  maintained  through  a  hadqpressure 
regulator  at  a  pressure  level  helow  tbe  referenoe  nitrogen.  Any  external 
leakage  path  at  a  hylrogen  oonponent  will  result  In  leakage  of  ni^ogen  into 
ths  hydrogen  circuit,  a  drop  in  nitrogen  pressure  and  a  decrease  in  the  system 
pressure  and  perfonnanoe  at  a  zete  corresponding  to  the  leak.  This  would  he 
detected  by  the  subsystan  pressure  sensors,  tbs  fuel  oeU  voltage  and  current 
sensors,  and  a  Shutdown  purge  Initiated. 

11.2  Rmlt  Detenrfrm  arri  AntrwulHn  Shntdgwn 

The  controller  monitors  the  operation  of  the  fuel  cell  using  the  following 
fipnanr  data;  oxygen,  hydrogen  and  nitrogen  tank  pressures,  regulated  oxygen 
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asd  fasdxogea  pressure,  regulated  ooejgeD/xxltrogea  aol  bpSrogen/oitrogen  dif¬ 
ferential  pressure,  fubl  oeil  current  and  voltage,  water  tank  level  and  tbs 
coolant  loop  tenperature  and  flow,  m  tbs  event  an  out  of  tolerance  condition 
Is  measured,  an  aaergencY  sbntdoun  of  Ibe  fuel  ceil  sjsteB  Is  executed. 

Tbe  controller  also  monitors  its  own  "seif-bealtb'*  tbrougb  a  series  of  soft¬ 
ware  and  signal  rmH tlonlng  tests.  A  failure  of  tbe  controller  to  Issue  tbe 
proper  ref^resb.  signal  to  two  redundant  watchdog  timers  results  In  power 
removal  to  tiae  cxntroller  and  tbe  ssstaa. 

Sbntdown  of  tbe  fuel  cell  Is  executed  in  one  manner:  Power  removal  to  tbs 
fuel  oeil.  pun^  and  solenoid  valves.  Redundant  bpdrogen  and  oocsgen  mqplY 
valves  dose.  Isolating  tbe  blgh  pressure  tanks.  Tbe  hydrogen  purge  valves 
and  tbe  nitrogen  to  bYdrogen  purge  valve  (>pen.  purging  tbe  low  pressure 
b^drogen  circuit  with  nitrogen.  Tbe  drc^  in  nitrogen  pressure  causes  tbe 
CQcsgen  backpressure  regulator  to  open,  depressurizing  tbe  oxjgen  cdrcuit. 

11.3  nwimil  arfftty  nrwridwmtHnna 

Care  must  be  etierolsed  in  developing  and  operating  spsrtans  which  utilize 
taplrogea  and  OKjgen  gases  at  elevated  pressure.  Bmilfam  Standard  bas 
develpped  a  set  of  guidelines  which  ensure  safe  oonstruction  and  operation  of 
eleotrochanical  enexgY  oooversian  SYStens  whidi  utilize  hplrogen  and  cacjgen. 
These  hydrogen  and  oacsgen  guidelines  exceed  safety  standards  set  f oortb  In 
HlUtary  Specdfloatlons  and  NASA  regulations.  Particular  enphasis  Is  placed 
on  GODpcoent  design,  materials  exaupatlhllity.  gas  handling  and  storage. 
Utilization  of  guidelines  such  as  these  is  necessary  in  order  to  avoid  tbe 
creation  of  bazardcus  situations  during  fuel  cell  power  systen  operaticn. 
recharge  and  shutdown. 

11.4  Power  Systf  TtoHAWHtY 

A  sumnary  of  tbe  cxanponent  failure  rates  used  In  this  study  is  presented  in 
the  tahiA  on  'Qie  following  page.  Tbe  failure  rate  of  tbe  fuel  cell  module  Is 
based  on  5.5  i n nn  ry»n  hours  of  fuel  csell  testing,  during  which  two  fail- 
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DtfS  SYSTEM  KLI/fllUTY  PtBUCTIflH 


FAILURE 

NUMER 

COIMICNr 

ASSEMLY 

MTBF 

FAILLMF  RATF 

ruxAsi 

t.  Fu«l  C«ll  AMM^Iy 

89.987  *  19”* 

16.928 

Fual  Call 

e.36 

199 

97.89 

HualdifUr 

g.3e 

2 

9.72 

End  PlotM 

1.M 

2 

2.99 

Pr Maura  VMaal 

g.237 

1 

9.237 

2.  Praaaura  Contral  Aaaaably 

- 

49.249  X  19“* 

24.849[ 

Salanold  VoIvm 

1.M 

9 

13.12 

Rallaf  Valva 

1.986 

4 

9.344 

Chacit  Valva 

1.99 

4 

9.39 

Manual  Valva 

9.179 

9 

9.879 

Pr Maura  Raflulatora 

2.439 

2 

4.87 

BaekprMaura  Ropulatara 

2.439 

3 

7.389 

Flow  RMtrletloA 

9.3 

3 

9.9 

Pr  Maura  VaMal 

9.237 

2 

8.474 

3.  Taoparatura  Control 

19.39  X  19"* 

91.973 

Storoga  Tank 

9.237 

1 

9.237 

HMt  Exchongar 

9.994 

1 

9.984 

Liquid  Laval  SaoMr 

2.199 

1 

2.199 

Watar  Puopa 

12.913 

1 

12.913 

Taoparatura  Control  Volvo 

4.98 

1 

4.96 

4.  Control  and  InotruMntotlon 

68.682  X  19”* 

1. 

Control lar 

29.9 

1 

29.9 

PrMOura  Sanaor 

8.797 

9 

49.942 

TOTAL 

189.847 

9382 
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ures  were  encountered  whlcdi  were  categorized  as  rasdOB  (i.e. ,  wlttdn  design 
life  azxi  cot  detectable  or  not  oorreotable  wltbln  xsactloal  means) .  Trm  tbat 
esperlenoe.  a  failure  rate  of  0.36  z  10  failures/bour  was  estabU^ied  for 
individual  cells.  Tbe  failure  rates  for  tt)e  reoaiider  of  tbe  ooBi|xz>ents  were 
obtained  from  llPPD-2.  Hnmlectrlo  Parts  Bel  lability  Data.  BAEC.  using  ground 
flzed  as  the  operating  euvlronnept. 

12.0  THTHWTrnny  AfiSHRSMlOT 

Little  developnent  effort  Is  required  to  a^^apt  existing  SPB  fuel  cell  tech¬ 
nology  to  meet  power  requirements  of  the  DAPS.  The  baslo  cell  hardware 
(moBbrane  and  electrode  assmhly)  Is  firmly  established  for  the  DAPS  power 
system.  This  baslo  building  block  bas  been  snooeesfuUy  evaluated  for 
mininns  of  oell  hours  under  oondltlaDS  more  severe  Hiaa.  those  dlfraisseti 
herein. 


The  primary  oonslderatlan  for  the  power  system  is  the  general  fuel  cell 
mflchanlcal  oonflguratlon.  The  fuel  oeU  power  plant,  excluding  the  fuel 
storage,  oonslsts  of  several  ocaponents.  all  dependent  tqion  the  peak  power 
level  and  the  doty  oyels.  The  largest  and  most  iaportant  ocaponent  Is  the 
oell  stack  Itself,  which  the  indlvldnal  cells  where  electrolytlo 

combination  of  hydrogen  and  ozygen  Is  performed.  The  area  of  the  cells  is 
mads  of  both  active  and  inactive  oonponents.  while  the  cell  stac^  also 
Includes  end-plates  (which  the  inteinal  pressure)  and  qpring-loaded 

tie  rods  (whlcdi  bind  ^  assembly  together).  The  current  density  determines 
the  stadb  size  and  weight  for  fixed  sizes.  The  size  of  the  other 

ancillary  conpanenta  are  a  function  of  power  output  and  duty  cycle. 

12.1  PhyrtfiPLl  TMagnsrinna 

The  State-of-the-art  fuel  oell  design  which  has  been  oomstructed  and  operated 
for  hcOi  eleotrolytic  gas  generators  and  fuel  cells  noxmally  uses  tliree 
separate  chambers  per  oell.  Each  chamber  omtAiTig  its  own  screen  for  fluid 
and  electrical  current  distribution  and  Its  own  support  frame  and  manifold. 
The  thldcness  of  the  entire  ocanhi nation  Is  about  0.22  inch.  This  0.22  inch 
dimenslcsi  becomes  an  Important  factor  in  determining  the  total  space  required 
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for  a  fuel  oeU  with  a  flaed  active  surface  area.  A  second  Iriportast  factor 
Is  the  amount  of  oell  surface  area  used  for  the  fluid  ports  axxl  the  tie  rod 
supports.  One  fuel  oell  design  contains  a  twelve  indi  diameter  active  surface 
area  while  the  outer  diameter  of  its  oontaiigwat  vessel  is  sixteen  Inches. 
Similarly,  if  a  twenty-one  inch  vessel  diameter  is  allofwed  (cxa^tthle  with 
torpedo  systans).  the  anticipated  diameter  of  the  active  area  would 
he  approximately  sixteen  inches.  Ihe  third  factor  in  cxs^tlng  'Oie  volisns  of 
the  power  plant  is  the  space  required  for  storage  of  -Qie  ancillary  components. 
Some  oooponents,  such,  as  the  fuel  cell  stach  and  end  plates  are  dependent 
mostly  upon  the  Tpmiher  of  stachs  in  the  power  supply,  a  ramher  which  is  in 
turn  pwpnarH nnfti  to  the  Ttnnher  of  oells  (and  the  total  oell  volume).  OOier 
(xoponents,  such  as  the  ocxdlng  water  punq).  vary  mostly  with  the  power  level, 
not  neoessarUy  with  the  nmiher  of  oeUs.  Strucstural  cxanponents  typically  add 
about  50%  more  volume  to  the  oell  stach.  Additional  oomponents  ocxaipy  about  1 
Ft.*  for  each  50  kN  power  capacsity  and  induda  ooolant  circulation  puiiq> 
and  heat  exchanger.  These  three  dimensioaaal  assunptions  all  stem  from 
selection  of  the  three-screen  oell  design.  Figure  ^lows  -Ois  approximate 
module/system  weight  and  volume  for  three  separate  cxsiflguxations. 


12.3  Htmhrmsnm  ffarrPnriBMinw  gfctf-M 


The  performance  characteristics  of  the  fad  cell  depend  largely  ^ 

electrdytio  membrane  used.  Three  solid  pdymer  membranes  are  considered, 
eadi  possessing  \miqus  pdarl ration  charac:texistlcs.  Nohrans  selection 
involves  a  trade-off  between  reUabdlity/duratallity  and  performanoe  capabili¬ 
ties.  Two  of  the  meshranes  are  manufaotured  by  DuPont;  Naficn  120  and  Nafion 
117.  The  third  membrane  is  produoed  by  Dow  Chemloal.  The  polymer  structure 
of  each  is  depicted  in  Figure  25.  The  Nafion  material  owes  much  of  its 
improved  meOhaninal  strength  to  the  physical  entanglement  caused  by  the  longer 
pdymer  side  chains.  The  Dow  material  contains  more  active  sulfonic  acid 
groups  (SOON)  per  unit  weight,  thereby  maiclng  it  sere  ionically  oomdactive. 
and  therefore  a  higher  performance  material.  However,  the  lower  mechanical 
strength  of  this  material  may  influence  the  xsseful  life. 

Fuel  oells  and  electrdyzers  cxnf igured  with  Nafion  120  represent  mature 
techndogies.  based  on  over  90.000  hours  of  satlsfac^cry  cell  performance  on 
electrolyzers  60,000  hours  on  fuel  i-g  deEaenstrated  in  the  laboratory. 
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DAPS  POWER  SYSTEM  VOLUME 


NAFION  120  MAFION  117 

OPTION 


EZ3  100  KW  LEVEL 


400  CW  LEVEL 


DAPS  POWER  SYSTEM  WEIGHT 


W 

3000 

L 

E 

I 

2500 

G 

H 

T 

2000 

L 

L 

1500 

B 

NAFION  120  NAFION  117 

OPTION 


CD  100  KW  LEVEL 


400  KW  LEVEL 


FIGURE  24.  Estimated  Modxile  Volume/ Weight 
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PERFLUOROCARBON  ION  EXCHANG- 


N/EMBRANES 
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FIGORE  25.  Polymer  structure 
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!Ibe  mendarane  Is  durable  and  has  exhibited  strong  reslstanoe  to  degradatloo. 
Italian  117  is  a  high  perfoxsanoe  nenbrane.  with  a  nore  recent  developnent 
history  and  several  tbouaand  hours  of  laboratory  operatioa.  Figure  26  ^lows 
tbe  expected  perfomanoe  of  cells  configured  iron  eacii  nanbrane.  The  ><-<ghPa» 
voltage  of  RaHon  117  and  Dow  neBbrase  allows  a  greater  energy  daosity  or  a 
ssaller  oSU  stadc  for  the  saioe  power  requirsnents.  Fuel  efficiency  is  also 
Ixoproved.  The  Dow  meDbrane  Is  the  most  recently  developed  and  possesses  the 
highest  performanoe  and  the  lower  physical  streng^.  Dow  offers  a  «-v>n-MTTmTm 
of  ion  exbbange  membrane  materials,  all  In  T1]n1.tert  production.  The  Dow 
membrane  can  be  operated  at  up  to  3900  ASF.  well  above  the  7SO-1500  ASF  limit 
of  the  Mafion  maobranes.  At  lower  current  densities  the  Dow  mmhrane  has  a 
higher  voltage  than  either  Mafion  membrane  (Figure  26).  BCwever.  the 
feasibility  of  long  tern  operatiaa  of  Dow  madsrane  bas  yet  to  be  proven. 

12.3  TTanalfint  PepfmniMnnA 

A  solid,  polymer  Electrolyte  fuel  cell  Is  particularly  well  suited  for  high 
power  pulse  applications  because  of  the  large  equivalent  oapadtapoe  usually 
associated  with  the  electrode  -  electrolyte  onmbl nation.  Along  with  this 
capedtanoe.  the  equivalent  eleotrloal  olxcait  an  obnlc  ocnponent 

associated  with  the  electrolyte  and  current  oolleotlon  hardware  and  also  an 
impedance  associated  with  the  chain  of  electrochenrioal  reaction  steps  which 
tabs  place  at  each  Electrode.  A  representative  dscuit  Is  Shown  in  Figure  27. 

Fuel  cell  transient  response  Is  a  function  of:  Cell  oanponent  type  and 
geometry,  operating  conditions,  pulse  aaplitude,  frequency  and  duration. 
IXtring  steady  state  operatian.  most  of  tbe  contributicn  of  cell  capacitance  is 
lost.  Figure  28  ocmpares  pulse  performance  with  steady  state  performazx^e. 
This  Figure  emphasizes  tbe  advantages  of  transient  cell  operatian. 

13.0  sami  fmjim 

The  projected  material  costs  of  the  fuel  cell  power  supply  and  the  fuel 
storage  oan  he  determined  In  a  similar  manner  to  that  of  tbe  total  weight  and 
total  volxane,  provided  th  ^t  reasonable  assumptions  can  be  made  on  the  relative 
costs  of  each  type  of  pcwer  supply.  However,  the  basic  rules  relating  mate¬ 
rial  cost  to  fuel  cell  active  area  or  to  fuel  storage  units  are  affected  by 
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FIGORE  26.  Expected  f>n  Performazice 
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R  -  Obffllc  Reslstanoe  -  SLectrolYte 
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FIKjQKB  27.  Itoprcoeubatlve  Bqulvalent  dzoolt 


FIGURE  28.  Fuel  Cell  Pulse  Perfoimanoe 
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availabmtY,  tlie  <aioloe  of  supplier  azxi  tlie  size  of  tbs  order  lot.  It  is 
also  difficult  to  aocurat^Y  ocnpare  costs  of  tbose  Itats  naiiufactured 
Ixi-bouse  and  those  purcliased  fully  assemhled  f^oo  tbs  supplier.  For  the 
purpose  of  this  study.  -Oe  siaterlal  oosts  vlU  iTTClude  pests  asd  labor  re¬ 
quired  to  tbs  ooBplete  fuOl  oeil  power  supply.  Purchase  costs  for 

storage  contalaers  will  reflect  tbelr  direct  price  from  lbs  supplier.  In 
geoeral,  cost  •tn'fnrHia.irifTn  Is  difficult  to  Obtain  froa  suppliers  without  a 
fomal  request,  but  estimates  will  be  besed  on  oatalogue  lnfoxnatlo&.  verbal 
aid  written  sales  quotes  and  prior  ocntraots.  Figure  29  shows  the  anticipated 
nodule  cost  for  several  optlODS. 

13.1  BfWfTtart  Starngn  Tttidfla 

Several  basic  ggrvwti  i  wL-Mmgi  Bay  be  used  In  estimating  the  volume,  weight  and 
cost  of  the  various  reactant  storage  scbeaea.  It  can  be  assumed  that  the 
value  of  each  of  these  parameters  Is  directly  prqpartlonal  to  the  weight  of 
the  partlcalar  reactant  stored.  Based  on  tlsese  generallzatloDS  estimates  of 
reactant  storage  volume,  weights  and  oosts  for  these  cptlans  may  be 
generated.  These  data  are  presented  In  Figures  SO,  31  and  33.  Most  of  these 
nunhers  bacve  been  generated  based  on  vendor  supplied  Infomstion. 

Of  the  slz  optlcDS  presented  for  bylrogen  storage,  the  utUlzatlcn  of 
Gaanerclally  available  tankage  for  storing  3000  pel  bylrogen  represents  the 
lowest  tflchnlcal  risk  option.  Ihe  penalty  paid  for  InpLenentlng  this  option 
Is  that  a  relatively  high  systea  weight  and  volume  Is  neoeesary.  Storage  of 
hydrogen  at  6000  psl  In  OGnsBerdally  available  vessels  Is  also  a  low  techni  cal 
risk  option  and  offers  significant  weight  and  volume  savings.  Metail  2zydrldes 
offer  significant  volume  savings  at  a  higher  cost  and  weight.  Although 
f»hiPwririft.i  storage  means  have  been  previously  used  In  buoy  appUcatlcns. 
recharge  of  'die  system  may  prove  difficult  and  costly.  Utilization  of 
cryogenlo  hydrogen  can  be  eaqpeiislve  and  difficult  to  lapOement  -  especially 
when  system  recharge  Is  considered.  Storage  of  hydrogen  In  composite  vessels 
offers  various  benefits  in  storage  weight  and/or  'volume,  and  can  be  achieved 
at  moderate  cost. 

Five  options  are  presented  for  storage  of  cocygen.  Stora 
psl  Tnf!nrtf»i  vessels  Is  ths  oonventloral.  but  most 
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FIGURE  29.  Anticipated  Module  Cost 
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HYDROGEN  STORAGE  VOLUMES 


STORAGE  METHOD 

3000  PSI  STEEL 

3000  PSI  COMPOSITE 

6000  PSI  STEEL 

CRYOGENIC  FLASKS 

METAL  HYDRIDES 

CHEMICAL 


HYDROGEN  STORAGE  VOLUME.  CU.FT. 


OXYGEN  STORAGE  VOLUMES 


STORAGE  METHOD 


3000  PSI  INCONEL 

3000  PSI  COMPOSITE 

6000  PSI  INCONEL 

CRYOGENIC  FLASKS 

CHEMICAL 
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HYDROGEN  STORAGE  WEIGHTS 

STORAGE  METHOD 

3000  PSI  STEEL 

3000  PSI  COMPOSITE 

6000  PSI  STEEL 

CRYOGENIC  FLASKS 
METAL  HYDRIDES 

CHEMICAL 
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HYDROGEN  STORAGE  WEIGHT  (LBS) 

OXYGEN  STORAGE  WEIGHTS  . 

STORAGE  METHOD 
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FIGORE  31.  Reactant  Storage  Weight 
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HYDROGEN  STORAGE  COST 

STORAGE  METHOD 

3000  PSI  STEEL 
3000  PSI  COMPOSITE 

6000  PSI  STEEL 

CRYOGENIC  FLASKS 

METAL  HYDRIDES 

CHEMICAL 

SO  SIO  $20  S30  S40  $50  $60  $70  $80 
HYDROGEN  STORAGE  COST  (Thousand!) 

OXYGEN  STORAGE  COST 

STORAGE  METHOD 

3000  PSI  INCONEL 

3000  PSI  COMPOSITE 

6000  PSI  INCONEL 

CRYOGENIC  FLASKS  6 

CHEMICAL 

so  $5  $10  $15  $20  $25  $30 

OXYGEN  STORAGE  COST  (Thousands) 

FTGDPE  32.  Reactant  Storage  Cost 
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Significant  volume  savings  as;  be  obtained  tbrougb  tbe  utilization  of 
crjogenlo  or  dienlcal  storage  techniques,  however.  rec±arge  Is  difficult  In 
ho-tlx  cases.  Storage  In  3CX30  psl  composite  vessels  and  also  In  6000  pel 
Tnccnel  vessels  represent  anly  sUghtly  higher  tefhnlnal  rlsb  options  than 
does  tbe  oonventlonal  method,  hut  wltb  higher  volume  and/cr  weight  advantages. 


13.2  ssstesLBfiObazga 


The  metiiod  of  srstem  recharge  eDplojed  can  be  dependent  on  the  reactant 
storage  scbane  emplojed.  Tbe  qoalltr  of  gas  prodnoed  In  all  cases  must  be 
quite  pure  In  order  to  rnlnlmlze  oeU  contaatnatlan  or  electrode  masking. 
ELectrolytloallY  generated  gases  are  often  used  for  fuel  oeU  appUoatlons  due 
to  tbelr  Inherent  high.  puzltY. 

One  mode  of  system  recharge  Involves  the  laplenentatlon  of  a  regenerative  fuel 
oeU  ssstem.  .In  this  option,  after  tbe  reactant  gases  have  been  oonsumed.  a 
potential  is  applied  to  tbe  fuel  cell  mortnles  such  that  water  Is 
eleotro^iemlcallY  deocaposed  to  fora  hydrogen  and  oocsgen  gases.  Ih  this  mode, 
water  must  be  fed  to  ellber  the  annde  or  oatbode  <Twu»hnr  of  each  oeU. 
iiedbarge  can  be  attained  In  approartaatelY  the  same  nnaiher  of  load  hours  that 
the  fuel  oeU  ezperlenoes  during  a  mission. 

A  second  means  of  ssstan  rediarge.  Is  to  slmplY  provlds  bottled  gas  to  the 
reactant  storage  tazdcs.  hydride,  etc.  This  msttxxi.  al-Oiough  slnple.  can  be 
someiidiat  costlY  and  msY  also  provide  significant  logistics  problems. 

A  'Uilrd  means  of  SYStem  rediarge  Is  to  provide  a  stand  alone  water 
electrolYSls  SYStem  for  gas  generatian.  This  allows  tbe  oonvenlenoe  of  being 
able  to  move  tbe  regeneratian  unit  to  tbe  deplOYment  vdaicle.  If  multiple 
recharges  are  required,  this  option  would  lUcelY  ^  aost  cost  effective. 

If  crYogenio  reactant  storage  means  are  enploYed.  a  means  of  reactant 
llquefioatlon  must  be  utilized.  This  can  be  quite  oompler  and  oostly.  and  maY 
also  be  Inconvenient  if  tbe  system  is  to  be  recharged  aboard  Ship. 
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nhfminmi  reactant  storage  means  mist  lie  rediaz^ed  bj  replacement  of  the 
canisters  In  tbe  system.  Alt2iou^  tbs  system  may  ^  desigDed  to 
facilitate  this  pperatLcn.  freipient  replacanent  of  these  chanioaLs  Is  quite 
eqoisive. 


14.0  saaasL 

Results  of  this  study  indicate  tbat  viable  optlaDS  can  be  produced  lAich 
utilize  membrane  tjpe  (Naflon  120.  Nafion  117  and  Dov)  to  acdileve  tbe 
pover  levels  required  for  tbe  IMPS  application.  Ibis  Is  further  defined  in 
Table  III.  Bere.  twelve  design  pptiODS  are  prcoonted  with  differing 
membranes.  oeU  baxdware  sizes,  or  number  of  modules  bussed  in  parallel.  Ea^ 
option  utilizes  circular  screen  tjpe  bardware  similar  in  design  to  tbat 
presently  being  utilized  in  aodear  submarines  for  life  support.  Tbs  viable 
opticDS  presented  in  this  Table  ocntain  eitber  one  or  two  modules,  each 
OGoprlsed  of  apprcsimatSLy  800  oeila.  This  design  assumes  tbat  tbe  400  IdT 
peak  power  requirement  is  attained  at  a  current  output  of  lOCX)  aioperes.  If 
tbe  current  level  is  increased,  then  tbe  laanher  of  cells  required  for  tbe  DAPS 
say  be  significantly  reduced. 

BoQi  steady  state  and  pulsed  power  perf oraanoe  (baraoteristics  have  been 
demonstrated  in  solid  polymer  electrolyte  fuel  cells  sudtx  tbat  tbe  perf  omanoe 
requirements  of  'Oie  DAPS  could,  be  easily  met.  Furtbemore,  fuel  cell  barduare 
whixdi  would  be  neoessary  for  tbe  DAPS  Is  eitber  presently  in  use  or  represents 
a  slight  modification  of  produoticn  c^ll  bardware.  This  hardware  has 
successfully  demanstrated  more  than  90,000  hours  of  highly  invarlaat 
performance  in  tbe  laboratory.  Systems  safety  criteria  have  been  establiSbed 
and  danonstrated  in  SPE  cells  such  tbat  safe  operatian  is  guaranteed. 

Reactant  storage  represents  tbe  largest  contributor  to  tbe  overall  volume  of 
the  power  system.  Several  options  are  available  to  select  from  iTicludlng  gas 
storage  tazikage.  cryogenic  flasks,  metal  hydrides  and  cbaBical  storage.  3000 
p<ri  ocDmerclally  available  metal  storage  represent  the  lowest  oost  and 

lowest  teidmlcal  risk  option.  Tbe  volume  and  weight  penalties  for  this  option 
however  are  moderate.  6000  psi  reactant  storage  has  been  successfully 
demonstrated  In  many  applications  offering  significant  oost  and  weight  savings 
at  low  rwLi  risk.  High  pressure  gas  storage  in  ocmposite  tanks  can  offer 
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sl^ziiflcant  wel^t  asd  Toluae  savings  at  an  iTvrrwMwd  ocst  and  level  of 
technical  rl^.  Metal  bYdrldes  have  hem  used  la  oases  where  volume  is  a 
crltLoal  ocnslxlerstion.  This  is  oftm  a  slightly  higher  weight  axxi  higher 
teclmlcal  risk  means  of  storing  hylrogm.  Storage  of  reactants  In  cryogenic 
flasks  oftm  does  not  offer  modi  la  ^  way  of  volume  advantage  at  a  high 
tecdmical  risk  and  ocst;  especially  ^dim  rediarge  is  oonsidered.  Storage  of 
reactants  in  form  has  hem  demons  trated  in  previous  buoy 

applications.  Although  tedmical  risk  Is  low,  moderate  cost  may  he  Incurred 
on  multiple  reOharge  of  the  system.  Ihs  medial  of  reactant  recharge  may  he 
dictated  by  the  reactant  storage  method  employed. 

There  are  oommerdal  inverter?  available  whim  would  enable  the  conversion  of 
O.C.  power  produced  by  the  fuel  oeU  to  A.C.  power.  The  size  of  these 
inverters  may  be  reduced  significantly  by  designing  cos  to  operate 
specifically  for  this  appLicatlan.  In  this  case  me  heat  rejection  load  would 
be  significantly  reduced  since  the  Inverter  would  only  be  required  to  operate 
a  few  seconds  but  of  every  hour.  A  promising  option  Is  to  adapt  existing  fuel 
cell  technology  to  produce  alternating  ouxrent  directly  thereby  ellnlnatlng 
the  need  for  an  Inverter.  This  mods  of  operation  has  already  bem 
soooeesfully  demonstrated  in  the  laboratory. 

It  is  e]q)ected  that  the  DAPS  fuel  oell  will  weigh  approodmately  4500  pounds 
and  will  have  a  system  volume  of  approximately  48  Ft.*  lining  reactants. 
This  system  will  cost  approximately  tlTQCC  per  unit  on  a  productiaa  basis. 
These  numbers  reflect  a  oompiomlse  betwem  optimum  weight,  optimum  volume, 
cost  and  technical  risk  for  the  assumed  400v/1000  amp  requiremmt.  FOr  the 
100  kW  requlranmt,  the  power  system  would  only  weigh  3200  pounds  and  be 
contained  within  a  volume  of  29  Ft.  * .  A  system  such  as  this  would  only  cost 
$700-60CK  per  unit.  With  improved  definition  of  systen  requirements,  more 
specific  Infoxmtion  regarding  system  sizing  and  cxinfiguration  may  be 
provided. 

Specdfio  of  several  power  system  options  are  shown  in  Figure  33. 

Here,  'Qxree  siemhrane  options  are  presented,  each  with  two  different  reactant 
storage  sChanes.  3000  psi  and  6000  psi  gas  storage  options  were  chosen  due  to 
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3000  PSl  6000  PSI 
0  SAriON  tso 


3000  PSI  6000  PSI  3000  PSI  6000  PSI 

J  NAFiON  IJ7  F  DOW 


DAPS  POWER  SYSTEM  WEIGHT 

BB  POWEB  SYSTEM  ^  BEACt\NT  STOBASE 

□□  (NVEBTEB  (OPTIONAL) 


D  NAFION  120  J  NAFION  117  F  DOW 


FIGDRE  33.  Representative  Fuel  on  Power  SYStens 
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the  low  tflniminai  rl^  Of  laplenentatlon  azxi  ease  of  vechaxge.  Of  the  -OxTee 
miainhrffATiA  optloDS,  120  represents  tbe  lowest  technical  rli^  option  vbUe 

■hhft  Dow  represents  tbs  bl^best.  A  perfoxioanoe  neDhrane 

option.  Naflon  117  offers  significant  weiglit  and  volume  savings  over  tbe 
Nafion  120  at  slightly  Increased  technical  risk,  thereby  providing  an 
equitable  oonpromlse.  Ihe  system  volumes  and  weights  presented  here  may  be 
very  significantly  reduced  if  either  the  ncnlnal  power  output  of  100  kW  is 
iii«intai.iTwri,  Qp  if  tbs  output  voltags  (400  V)  is  redocsd. 
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/iPPFWig  -  onerATiYR  BraoBO 


Tbs  extensive  eiperlenoe  t2)at  wmirii-tOTn  standard  has  In  developing  and  manu- 
factuTlng  fuel  oeUs  and  egolpment  for  Hsval  appUoet^nns  makes  it  poeslM-e 
for  a  seamorttay  power  syeten  having  the  following  features  to  he  produced; 

ftrffrtry  -  Over  the  past  thirty  years,  Efuirilton  Standard  has  refined  the 
approa^  to  provide  "man-rated"  system  safety  Into  SPB  eiectro<Afin1ca1  cells. 
This  approach  has  been  verified  In  the  Geadni.  BiosateUite  and  Space  Shuttle 
Technology  fuel  cell  programs,  alxag  \d.tai  the  oxygen  generating  plant  -diat  is 
presently  being  used  by  the  U.S.  Navy. 

iteHaMH-tTy  -  The  low  failure  rate  of  the  hydrogen/oocygen  fuel  cell  oomponents 

has  been  detemined  from  S.S  mrinifm  hours  of  fuel  oSU  testing.  From  these 

— fl 

tests,  a  failure  rate  of  0.36  x  10  failures/hour  for  Individual  cells  wes 
established.  System  oomponents  were  selected,  based  on  the  extensive  expexl- 
Anna  at  Bamllton  Standard  with  fuel  atH  systems. 


Riinpiiri-fcY  -  ds  SPB  hydrogen/oxygen  fuel  oell  is  a  "sSlf-regulatlng"  device 
In  which  reactants  are  oansvmed  on  demand  in  proportion  to  the  load.  Few 
oonponents  are  necessary  to  support  system  operation,  therefore  promoting  low 
oost  and  high  reliability. 

MAinjatiTwhiii-fey  -  The  power  system  is  designed  to  meet  de  anticipated  mission 
duratlan  with,  no  service  requlrenent.  Only  reeotant  charging  and  product 
water  removal  are  necessary  prior  to  deployment  and  after  return  to  the  Mother 
v^iicle.  In  the  unlikely  event  that  the  service  of  one  or  more  of  the  power 
system  oomponents  is  neoessary,  the  power  system  is  designed  such  that  ocmpo- 
nents  are  readily  accessible  and  easily  replaced. 

Hffirij^jpny  -  The  SPB  fuel  cell  and  associated  system  can  be  easily  packaged 
giirh  that  energy  densities  are  achievable,  is  a  direct  result  of 
the  Inherent  high  efficiency  of  the  SPB  fuel  cell. 


A-2 


TECHNOLOGIES 

(Mi^yiQQ(i3r®Ki 


Deplorable  Aooostlo  Projeotor  Sjstem  (DAPS) 
Eoergr  Souroe  Studr  -  Final  Beport 
Contraot  Vo.  N6219CK6&41-<7754 


n»w»M^<^tlcn  -  Aooeptanoe  and  oertlf Icatiaa  gtilriftllnm  bsve  been  establlebal 
In  order  to  ensure  proper  power  srstea  pperabilitr  and  construction.  Ibese 
guidelines  are  sjanar  to  tbose  used  for  acceptance  and  verification  of  the 
OKSgen  ^eneratln^  plant  dsvelaped  b;  Bwarilton  Standard  for  tbe  U.S.  Navy. 


Ibe  following  pages  depict  developnent  history  of  technologies  whic^ 
oontrlbnte  directly  to  the  state-of-tbe-art  fuel  oeU  power  systen  design. 
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DOC  ET  AL  -  BULK  HYDROSEN 
GENERATION  PWOORAM  ( 1  »7»-PWESENTl 

SCOPE:  DEVELOP  ELECTROLYSIS  TECHNOLOGY 
WITH  GOAL  or  SS-»OW  EPriCIENCY.  S2S0/KW 
CAPITAL  COST 

DESIGN  FEATURES 

•  LOW  COST  MOLDED  GRAPHITE  CELL 
HARDWARE.  GASKETLESS  SEALS 

•  PNEUMATIC  END  PLATE  LOADING 

•  2-1/2  FT^  AND  10  PT^  CELL  AREAS 

•  LOW  COST  ELECTRODES 

•  3000  ma/cm2  maximum  current  density 

•  I  tS*C  COOLANT  TEMPERATURE 
ACCOMPLISHMENTS 

•  CATALYST  LOADING  OP  0.2S  MG/CM^ 
DEMONSTRATED 

•  >  SOOO  HOURS  AT  1S0*C  DEMONSTRATED 
TO  DATE 

•  >  70,000  HOURS  AT  80*C  DEMONSTRATED 
TO  DATE 

•  TEN  CELL  MODULE  (I  FT^  CELLS) 
ACCUMULATED  >  0000  HRS  AT  2000  ASP 


USAP  BMP  -  HYDROGEN/BROMINE 
REGENERATIVE  FUEL  CELL  PROGRAM 
(1970-PRESENT) 

SCOPE:  DEMONSTRATE  FEASIBILITY  OF 
>  00%  ENERGY  STORAGE  EFFICIENCY 

DESIGN  FEATURES: 

*  LOW  COST  HBR/BR2  ELECTRODE 

«  74%  ELECTRIC  TO  ELECTRIC  EFFICIENCY 
DEMONSTRATED  •  300  ASF.  >  90%  • 

100  ASF 

•  DEMONSTRATOR  SUCCESSFULLY 
OPERATED  FOR  APPROXIMATELY 
4000  HOURS  BY  CUSTOMER 


A-4 


UNITED 

TECHNOLOGIES 


DeploYahle  Acoustic  Projector  Sjstaa 
Energy  Souroe  Study  -  Final  P 
Contract  NO.  162igo-as-tf 


NASA  -  RLSC  EUCCTWOLY3I8 

PROGRAM  (I»7a-I97a| 

SCOPE:  DEVELOPMENT  AND  PABRICATION  OP 
THREE-MAN  PRE-PROTOTYPE  ELECTROLYSIS 
UNIT  POR  NASA'S  REGENERATIVE  LIPE 
SUPPORT  EVALUATION  PROGRAM 

DESIGN  FEATURES 

•  PRESSURE  HOUSING  POR  400  PSIA  GAS 
GENERATION 

•  MICROPROCESSOR  CONTROL  POR  COMPLETELY 
AUTOMATIC  OPERATION 

•  PROVISION  FOR  REMOTE  DATA  ACQUISITION 

•  3S0  MA/CMZ  MAXIMUM  CURRENT  DENSITY 

•  oo*c  coolant  temperature 

ACCOMPLISHMENTS 

•  >  900  HOURS  OP  AUTOMATIC.  UNATTENDED 
OPERATION  DEMONSTRATED  PRIOR  TO 
DELIVERY  IN  1970 

•  >  2900  HOURS  ACCUMULATED  ON  TEST  AT 
NASA/JSC  TO  DATE 


USN  -  SUBMARINE  OXYGEN  GENERATION 
PLANT  (I979~PRESENT» 

SCOPE:  DEVELOPMENT  OP  A  HIGH  PRESSURE 
OXYGEN  GENERATING  PLANT  (OGP)  TO 
PROVIDE  ON-BOARD  ENVIRONMENTAL 
OXYGEN  POR  NUCLEAR  SUBMARINE  CREWS 

DESIGN  FEATURES 

•  ELECTROLYSIS  MODULE  DESIGNED 
FOR  3000  PSIA 

•  PREPROTOTYPE  SYSTEM  DESIGNED  FOR 
FULLY  AUTOMATIC  CONTROL  WITH 
MICROPROCESSOR 

•  CELL  SEAL  DESIGN  POR  790  PSI 
DIFFERENTIAL  PRESSURE 

•  I  500  MA/Cm2  maximum  CURRENT  DENSITY 

•  S0*C  coolant  TEMPERATURE 

ACCOMPLISHMENTS 

•  DEMONSTRATED  PREPROTOTYPE  SYSTEM 
OPERATION  AT  PRESSURES  UP  TO  300 

TO  3000  PSIA  FOR  14,500  HOURS 

•  >  I  0,000  HOURS  LIPE  TESTING  COMPLETED 
ON  EACH  OP  TWO  100-CELL  ELECTROLYSIS 
MODULES  TO  DATE 

•  t-IPE  TESTED  SINGLE  CELLS  UP  TO  70,000 
HOURS  TO  DATE 

•  total  PROGRAM  CELL  LIPE  TEST  HOURS 
TO  DATE  -  >  3  MILLION 

•  DEMONSTRATED  PROTOTYPE  SYSTEM 
OPERATION  FOR  >  I  0,000  HOURS  TO  DATE 
WITH  >  2500  HOURS  AT  3000  PSIA 
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TECHNOLOGIES 
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O^ojable  Acxsustlo  Projector  SYSten  (DAPS) 
Energy  Source  Study  -  Fiaal  Bqport 
Contract  NO.  162igO-6&-M-C754 


USN  -  HASPA  FUEL  CELL  PROGRAM  (1976-1977) 

SCOPE:  FABRICATE.  TEST  AND  DELIVER 

complete  3  KW  FUEL  CELL  SYSTEM  AND 

GONDOLA  FOR  SEVEN-DAY  MISSION  OF  HIGH 

ALTITUDE  SUPER  PRESSURED  AEROSTAT 

(HASPA) 

DESIGN  FEATURES 

•  USED  32  CELL  STACK  FROM  SPACE 
SHUTTLE  TECHNOLOGY  PROGRAM 

•  COMPLETE  AUTOMATED  SYSTEM  DESIGN  FOR 
UNMANNED  MISSION 

•  230  MA/CMZ  maximum  CURRENT  DENSITY 

•  80*C  COOLANT  INLET  TEMPERATURE 

ACCOMPLISHMENTS 

•  FUEL  CELL  STACK  DEMONSTRATED  NO  LOSS 
IN  PERFORMANCE  FOLLOWING  1000  HOURS 
TESTING  UNDER  SHUTTLE  PROGRAM,  TWO 
YEARS  INACTIVE  STORAGE  AND  ADDITIONAL 
1000  HOURS  TESTING  IN  HASPA  PROGR^ 


NASA  -  ADVANCED  FUEL  CELL  TECHNOLOGY 
PROGRAM  (1974-PRESENTI 

.  SCOPE:  CONTINUING  DEVELOPMENT  OF  SOLID 
POLYMER  ELECTROLYTE  FUEL  CELL 
TECHNOLOGY  TO  ACHIEVE  IMPROVED 
PERFORMANCE.  SMALLER  SIZE,  LIGHTER 
WEIGHT  AND  REDUCED  COST;  DEMONSTRATE 
IMPROVEMENTS  IN  MULTI  KW  MODULE 

DESIGN  FEATURES 

•  HIGH  CURRENT  DENSITY.  BI-POLAR  DESIGN 

•  ELIMINATION  OF  WATER  COLLECTION  WICKS 

•  ELIMINATION  OF  BONDED  AND  GASKET  SEALS 

•  S  MIL  ELECTROLYTE  SHEET 

,  •  500  MA/CM2  design  CURRENT  DENSITY 

•  80*C  COOLANT  INLET  TEMPERATURE 

ACCOMPLISHMENTS 

•  DEMONSTRATED  PERFORMANCE  UP  TO 
1  300  MA/CM2  at  0.7  V 

•  SIGNIFICANT  COST  REDUCTION  FROM  SPACE 
SHUTTLE  DESIGN 

•  DEMONSTRATED  OPERATION  ON  CONTAMINATED 
REACTANTS 

•  SCALE  UP  TO  1.1  FT*  CELL  AREA 

•  3000-^  HR  TEST  COMPLETED  WITHOUT 
PERFORMANCE  DEGRADATION 

•  4  KW  STACK  COMPLETED  2000  HOURS  OF 
VEinHcTrfToN't'i^TNGnwiTHTNv'ARiENt 
performa'nce" 
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NASA  -  LOW  EARTH  ORBIT  ENERGY  STORAGE  (BEGENEB AT1VE  FUEL  CELL)  (197»-PRESENT) 

SCOPE:  •  TO  DEVELOP  THE  TECHNOLOOY  TO  PROVIDE  ELECTRICAL  ENERGY  STORAGE  TOR 
LARGE  LOW  EARTH  ORBIT  SPACECRAFT  BY  THE  LATE  I9B0’S.  SYSTEMS  WOULD  BE 
IN  THE  SO*  KW  RANGE. 

DESIGN  FEATURES: 

•  COMBINED  USE  OF  PREVIOUSLY  DEVELOPED  FUEL  CELL  AND  ELECTROLYZER 
TECHNOLOGIES 

•  HIGH  ENERGY  STORAGE  EFFICIENCY 

•  INTEGRATION  WITH  PROPULSION  SYSTEMS  AND  ENVIRONMENTAL  CONTROL  SYSTEMS 
ACCOMPLISHMENTS 

•  LABORATORY  BENCH'TYPE  REGENERATIVE  SYSTEM  COMPLETED: 

-  "-I  SOO  OPEN-LOOP  ORBITAL  CYCLES 

-  350  CLOSED-LOOP  ORBITAL  CYCLES 

•  deliverable  BREADBOARD  MAS  BEEN  OPERATING  AT  NASA/JSC  SINCE  MID  1993 
HAVING  ACCUMULATED  OVER  1 100  SIMULATED  90-MINUTE  ORBITS  TO  DATE 
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THE  MARQUABOT  COMFANY/U3AF  -  ELECTROLYSIS  SYSTEM  FOR  SATELLITE  PROPULSION 
(1981-1983) 

SCOPE:  DEVELOP.  FABRICATE  AND  DELIVER  A  FLIGHT  WEIGHT  FULL  SIZED  HIGH  PRESSURE 
ELECTROLYZER  FOR  SATELLITE  PROPULSION 

DESIGN  FEATURES 

•  STATIC  VAPOR  FEED 

•  CONDUCTIVE  COOLING 

•  PRESSURE  DOME  ELIMINATED 

•  800  PSI  (NON'OPERATIONAL) 

•  400  PSI  (OPERATIONAL) 

ACCOMPLISHMENTS 

•  DEMONSTRATED  800  PSI  CAPABILITY  ON  2  NON-OPERATING  UNITS  FOR  OVER  S  YEARS 

•  DEMONSTRATED  LEAKAGE  RATE  OF  LESS  THAN  I  POUND  WATER  LOSS  IN  10  YEARS 

•  OPERATED  FULL  MODULE  FOR  >  1  300  HOURS  PRIOR  TO  DELIVERY  TO  CUSTOMER 
(I.E.,  THE  MARQUARDT  COMPANY) 

•  OPERATED  SYSTEM  FOR  >  2300  HOURS  AT  CUSTOMER  FACILITY 


A-9 


UNITED 

TECHNOLOGIES 

mssmr©QQ 

g!TO^(yi(5V^f^ 


DeploYable  Acoustic  Projector  System  (DAPS) 
BnATgY  Source  Study  -  Final  Beport 
Contract  NO.  N62190-88-M-0754 


AIR  fOWCE  -  REGENERATIVE  FUEL  CEUl. 

PROGRAM  (I9«a-I970.  1972-19731 

SCOPE:  EXPLORATORY  DEVELOPMENT  AND 
FEASIBILITY  TESTING  OF  REGENERATIVE  FUEL 
CELL  SYSTEMS  USING  BOTH  DEDICATED 
ELECTROLYSIS/FUEL  CELL  MODULES  AND 
REVERSIBLE  SINGLE  CELL  MODULES 

DESIGN  FEATURES 

•  STANDARD  FUEL  CELL  AND 
ELECTROLYSIS  CATALYSTS 

•  STATIC.  CAPILLARY  WATER  TRANSPORT 

•  LABORATORY/BREADBOARO  HARDWARE  DESIGN 

ACCOMPLISHMENTS 

•  FEASIBILITY  DEMONSTRATED 

•  PRELIMINARY  DESIGN  STUDY  COMPLETED 


THE  MARQUARDT  COMPAN Y/USAF- 
ELECIROLYSIS  SYSTEM  FOR  SATELLITE 
PROPULSION  (1971-1873) 

SCOPE:  DEVELOP.  FABRICATE  AND  DELIVER 
AN  ENGINEERING  MODEL-HIGH  PRESSURE 
ELECTROLYZER  FOR  SATELLITE  PROPULSION 

DESIGN  FEATURES 

•  HIGH  PRESSURE  DESIGN  FOR  300  PSI 

•  STATIC  VAPOR  FEED 

•  CONDUCTIVE  COOLING 

ACCOMPLISHMENTS 

•  DEMONSTRATED  HIGH  PRESSURE.  STATIC 
VAPOR  FEED  DESIGN  WITH  82% 
ELECTROLYSIS  EFFICIENCY 

•  SUCCESSFULLY  COMPLETED  >  4000  HOURS 
IN  COMPLETE  THRUSTOR  SYSTEM  TEST 
AT  MAHOUARDT 


A-10 


UNITED 

TECHNOLOGIES 

(MlMtiQQ^©^] 


Deplojable  Aooustlo  Projector  S^stea  (DAPS) 
EoergY  Sooroe  Study  -  Pinal  Retxsrt 
Contract  Ifo.  1)62190-88^-0754 


MERDC  -  ARMY  FUEL  CELL  PROGRAM 
(1966-I9«t) 

SCORE:  DEVELOPMENT,  FABRICATION  AND 
DELIVERY  OF  A  1.9  KW  FUEL  CELL  POWER 
PLANT  OPERATING  ON  JP-4. 

DESIGN  FEATURES; 

•  Z  KW  SPE  STACK  (SS  CELLS) 

•  REFORMER/SHIFT  FUEL  PROCESSOR 

•  WATER  CONSERVATIVE 

•  I  50  POUND  WEIGHT.  INCLUDING 
FUEL 

•  8  CUBIC  FEET  VOLUME 
ACCOMPLISHMENTS 

•  SUCCESSFULLY  DEMONSTRATED  COMPLETE 
SOLID  POLYMER  ELECTROLYTE  POWER 
PLANT  FUELED  WITH  JP-4. 

•  SYSTEM  DELIVERED  TO  MERDC  FOLLOWING 
DEMONSTRATIONS  AT  THE  FACTORY 
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Deplojalsle  Acxustlc  Projector  SYStem  (DAPS) 
EnergY  Souroe  Study  -  Plsal  Beport 
Contract  NO.  N62igO-e6-N-C7&l 


UNITED 

TECHNOLOGIES 


MDAC/NASA  -  GEMINI  FUEL  CELL  PROGRAM 
(196Z-I968I 

SCOPE:  OCVCLOPMCNT  AND  PROOUCTtON 
OF  FUEL  CELLS  FOR  THE  GEMINI 
SPACECRAFT  PROGRAM. 

DESIGN  FEATURES 

•  THREE  32.CELL  STACKS  IN  EACH  OF  TWO 
1  KW  MODULES. 

•  PASSIVE  SEPARATION  OF  PRODUCT 
WATER  IN  ZERO  G. 

•  HIGH  SYSTEM  RELIABILITY  THROUGH 
STACK  AND  COOLANT  SYSTEM  REDUNDANCY. 

•  POLYSTYRENE  SULFONIC  ACID  USED  AS 
ELECTROLYTE. 

•  49  MA/CMZ  MAXIMUM  CURRENT  DENSITY. 

•  23*0  COOLANT  INLET  TEMPERATURE 

ACCOMPLISHMENTS 

•  7  SUCCESSFUL  MANNED  SPACE  FLIGHTS. 

•  290.  32-CELL  STACKS  PRODUCED. 

•  890  HOURS  (9000  STACK  HOURS)  OF 
.  FLIGHT  OPERATION. 

•  *  80,000  STACK-HOURS  OF  OPERATION. 


GE/NASA  -  BIOSATELLITE  FUEL  CELL 
PROGRAM  (1984-1968) 

SCOPE:  DEVELOP  360  WATT  FUEL  CELL 
FOR  USE  ON  30-OAY  MISSIONS  OF 
BIOSATELLITE  SPACECRAFT. 

DESIGN  FEATURES 

•  SINGLE  32-CELL  STACK. 

•  FIRST  OPERATIONAL  USE  OF  NAFIONB 
SOLID  POLYMER  ELECTROLYTE  MATERIAL. 

•  IMPROVED  VERSION  OF  GEMINI 
FUEL  CELL  DESIGN. 

•  49  MA/CM2  maximum  CURRENT  DENSITY. 

•  38*C  COOLANT  INLET  TEMPERATURE. 

ACCOMPLISHMENTS 

•  SUCCESSFUL  OPERATION  FOR  40  DAYS 
IN  ORBIT. 

•  8,000  HOUR  LIFE  DEMONSTRATED. 

•  DEMONSTRATED  SUCCESSFUL  OPERATION 
WITHOUT  H2  PURGING. 

•  REGISTERED  TRADEMARK  OF  DUPONT  CO. 


